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1 Introduction 
1.1 Background and Motivation 
An important precondition for studying the effects of predation is the knowledge about 
basic structures and functions of the food web of interest. The structure of aquatic food 
webs and top-down impacts of different fish species have been intensively studied in 
lakes and reservoirs. Thus, the principles and processes controlling key stone species 
top-down in pelagic food webs are well understood (Benndorf et al. 1988, Lampert 
1988, Brett and Goldmann 1996, Sommer et al. 2001, Benndorf et al. 2002). As a result 
of numerous studies on cascading effects in pelagic communities the control of food 
web structure by biomanipulation is a generally accepted tool for water quality 
management in lakes and reservoirs nowadays (Jeppesen et al. 1997, Benndorf 1990 , 
Hansson et al. 1998). However, we do not know nearly as much about food webs in 
streams and rivers. Thus, to transfer the idea of top-down control of food web structure 
to running water communities, detailed investigations about food web structure and 
predation effects in these ecosystems are necessary.  
Structure of Food Webs in Running Waters 
The structure of food webs in running waters changes considerably with its size. While 
the food web of large rivers is similar to standing water systems in some respects 
stream food webs differ markedly. This change in general food web structure is best 
described by the river continuum concept of Vannote et al (1980). According to that 
concept very large rivers near the river mouth are mainly heterotrophic systems. 
Primary production is strongly light limited due to the permanently mixed, particle rich 
and therefore turbid water and the relatively high depth of the system. However, large 
amounts of fine particulate matter (FPOM) are delivered from the catchment and the 
upper river system. Thus, the invertebrate community is dominated by collectors 
(mostly filter feeders). In the upper and middle parts of the river system (medium and 
large rivers) the water is clearer and less deep. Therefore they harbour a phytoplankton 
community and are therefore primary production based food webs. Benthic invertebrate 
community is dominated by collectors similar to the lower regions. However, because 
there are generally higher flow velocities the proportion of passive filter feeders is 
higher than in the lower regions. The upper parts of the river systems, the medium and 
larger streams do not have phytoplankton due to the relatively high flow velocities and 
the resulting low water residence time. Primary production occurs at the stream bottom 
in the phytobenthos. Further, organic matter delivered from the catchment and upper 
stream parts is coarser than in the rivers. Thus, benthic invertebrate community is 
dominated by grazers and collector-gatherers. Further upstream, in small streams, the 
most important food source for benthic invertebrates originates from terrestrial primary 
production which provides coarse organic material (CPOM such as leaves and woody 
debris) while internal primary production supports only a minor part of the organisms 
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of the higher trophic levels (Meyer and Poepperl 2004). Thus, the benthic invertebrate 
community is dominated by shredders. The cause for these systems being mostly 
heterotrophic is the strong light limitation of phytobenthos due to the riparian 
vegetation (Fig. 1-1). Another important difference of stream food webs from lake food 
webs is the large guild of omnivorous organisms. These macroinvertebrates use 
biofilm, detritus and animal prey to variable proportions (Lancaster et al. 2005). This 
leads to an enormous flexibility of stream food webs with respect to available food 
sources. Finally, a general difference to standing waters is that remineralised and 
dissolved nutrients do not cycle within the system but move in spirals because of the 
unidirectional flow (Mulholland et al. 1985, Fisher et al. 2004). 
 
Figure 1-1: Basic scheme of the 
food web structure in a small 
stream. 
 
 
 
 
 
 
Predation in stream food webs 
Predation is known to be one major force structuring aquatic food webs, both via direct 
and indirect impacts (Kerfoot and Sih, 1987). Direct effects of predation can be lethal 
due to consumption of prey organisms by their predator or they can be sublethal. The 
variety of sublethal effects can be grouped into (I) morphological and chemical 
defences, (II) behavioural changes, and (III) life cycle changes. In contrast to lakes 
there are only few records of predator-induced morphological defences of invertebrates 
in stream ecosystems. May fly larvae were shown to have longer cerci in the presence 
of fish (Dahl and Peckarsky 2003) while case bearing caddis flies built stronger and 
larger cases (Nislow and Molles 1993). Both strategies are assumed to complicate 
handling by the predators. Especially for the caddis flies this strategy seems to be 
successful because survivors of predator attacks showed significantly larger cases 
compared to victims (Nislow and Molles 1993). Behavioural changes are assumed to 
reduce predation because the prey organisms actively avoid “dangerous” behaviours 
such as active foraging, movement on the substratum or drift. Feeding on the exposed 
stone surfaces for instance is reduced during daylight when visually hunting fish 
fish
invertebrate
predators
omnivores
detritivoresherbivores
periphyton detritus
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predators are an important source of mortality (McIntosh and Townsend 1994). 
Changes in the diurnal pattern of drift activity especially for highly mobile taxa such as 
Baetis sp. larvae are reported and interpreted as important to predation avoidance 
behaviour (Culp et al. 1991, Huhta et al. 1999). Life cycle effects of predation comprise 
changes in larval development rate, growth rate, and timing of emergence (Scrimgeour 
and Culp 1994, Peckarsky and McIntosh 1998, Tseng 2003). All three kinds of predator 
avoidance mechanisms may reduce consumptional losses but have also the potential to 
reduce fitness of the organisms (Peckarsky and McIntosh 1998). The relative 
importance of lethal and sublethal predation effects in stream ecosystems have not been 
fully assessed yet. However, demographic models suggest that sublethal effects may be 
more important than lethal effects in species where the size of the adults determines 
reproductive success such as in merolimnic insects (Honek 1993, McPeek and 
Peckarsky 1998). 
Relevance of Predation for Food Web Control in Streams 
As predation in food webs of lakes and reservoirs is one of the major structuring factors 
it can be used to optimise food web structure (biomanipulation). High biomass of 
herbivorous zooplankton as an cascade effect of establishing high biomass of 
piscivorous fish can increase water quality because phytoplankton is reduced or its 
species composition altered (Carpenter et al. 1996, Jeppesen et al. 1999). 
Biomanipulation has been shown to effect phytoplankton community and is a generally 
accepted tool for water quality management in lakes and reservoirs to reduce the effects 
of eutrophication (Carpenter et al. 1996, Hansson et al. 1998, Jeppesen et al. 1999, 
Benndorf et al 2002). Eutrophication can also be a serious problem in streams because 
of diffuse nutrient import from agriculturally used landscapes. As a consequence 
outbursts of benthic algae clog the hyporheic interstitial and thus separate the benthic 
and interstitial subsystems (Ibisch 2004) which are otherwise (in the oligotrophic state) 
closely interconnected. Transferring the idea of biomanipulation to streams would 
ultimately imply boosting stream insect grazers such as heptageniid mayflies in order to 
reduce biofilm biomass and therefore reduce eutrophication effects. In lakes, boosting 
grazers usually means reducing predator pressure on this guild by stocking piscivorous 
fish. For biomanipulation to be effective in streams, it has to be verified first that it is 
possible to change food web structures by modifying fish predation pressure.  
Methods of Food Web Studies in Streams 
Various experiments have been conducted to investigate the importance of predator-
prey interactions in stream food webs. Most of these experiments were conducted in 
laboratory or outdoor mesocosms because factors influencing the studied interactions 
can be controlled in such systems and sufficient replication needed for statistical 
analyses is possible in most cases. Additional sampling of these relatively small 
systems is more likely to be representative than sampling of natural systems. 
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Unfortunately these studies resulted in contradictory findings. Some studies showed 
strong and cascading top-down effects of fish predation (Wooster and Sih 1995, 
Rosenfeld 2000, Kishi et al. 2005), while others did not find such effects (Reice and 
Edwards 1986, Culp et al. 1991, Caudill and Peckarsky 2003).  
Methodological differences may be responsible for this variability. Above all, the use 
of enclosures or exclosures for those experiments may lead to experimental artefacts. It 
has been shown that the strength of predator impact depended on the intensity of prey 
movement (Wooster 1994, Englund and Olsson 1996). In cases where relatively large 
meshes were used and prey organisms could migrate freely, density differences 
between enclosure and stream could be balanced by prey movements. Another possible 
enclosure artefact is the concentration of prey organisms in the predator treatment 
because of behavioural responses of the prey organisms such as reduction of activity. 
The problem is that mesocosm experiments are often: “small, of short duration, subject 
to reduced biological, material and energetic exchange, exposed to reduced temporal 
and spatial variability, simplified in terms of both physical and biological complexity 
and subject to a variety of artefacts associated with enclosure such as large edge 
effects” (Petersen and Englund 2005). In addition to that there is the problem of scaling 
distortions: at a reduced scale, the relative magnitude of ecological relationships, as for 
instance the relation of habitat size to body length, changes disproportional (Petersen 
and Hastings 2001). This leads to a low transferability of results gained by mesocosm 
experiments to natural ecosystems. As a solution, Petersen and Englund (2005) suggest 
dimensional analysis which should ensure functional similarity of the model systems: 
by this they mean that “conditions, relationships and behaviours that are of interest 
within the experimental ecosystem are made similar to those in nature” (Petersen and 
Englund 2005). Thus, scale reduction normally demands smaller organisms with 
shorter generation times compared to the natural ecosystem which should be modelled. 
However, in the case of ecosystem-specific models this is rarely possible because 
biological variables such as body size and generation time is inflexible for the species 
of interest.  
To overcome the scale dependent problems only the large-scale and long-term 
approach remains. This means an immense work load and studies are time-demanding: 
at least one to three years are required. Additionally, at the whole-system scale 
experimental manipulations are much more difficult than mesocosm-scale experiments. 
Consequently, most large-scale studies are observations and comparisons between 
different systems (Huryn 1998, McIntosh et al. 2005, Greig and McIntosh 2006). For 
experimental approaches replicate systems have to be studied. Because replication 
means an extraordinary high work amount in most cases only one or two systems are 
studied (Elser et al. 1998, Reikow and Hamilton 2001, Ferreira et al 2006, Holker et al. 
2007). Alternatively, pairwise experiments following the “before-after-control-impact 
design” (BACI) are possible (Stewart-Oaten et al. 1986, Carpenter et al., 1989). These 
experiments, however, require an even longer experimental time span because the pair 
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of systems has to be studied before and after the experimental manipulation for an 
equally long time period (one to three years each). In both cases choosing appropriate 
reference systems is crucial (Reynoldson et al. 1997, Schmidt et al in press). In spite of 
all these difficulties the main advantage of large scale studies - good transferability of 
the results to natural systems - was considered to be most important. Therefore, a 
reach-scale experiment manipulating two 400 m long stretches was conducted. After 
considering the time available an approach comparing a reference and an experimental 
unit was set up even though the paired BACI approach would have been more reliable. 
To ensure that the environmental conditions in the reference and experimental unit was 
as similar as possible the experiment was conducted in two stretches of the same 
stream. 
The fish species is another methodological difference to many previous experiments 
dealing with top-down effects on macroinvertebrate communities. In spite of the top-
down effect by benthivorous fish being stronger than that of drift feeding taxa (Dahl 
and Greenberg 1996), so far the predator studied most intensively, was trout. 
Additionally, different types of food webs (or food chains) were studied. Weaker 
predation effects in detritus-based food chains are expected compared to periphyton-
dominated systems. Invertebrate shredders are considered to be generally less 
vulnerable to predators because grazing invertebrates moving on the stone surface to 
scrap periphyton are more visible to predators than shredders which hide and feed 
between leaves or in interstitial spaces (Rosenfeld 2000). In fact, most field 
experiments investigating predator impact on stream food webs dealt with the chain 
trout, grazing mayfly larvae and periphyton in primary production based systems 
(Huhta et al. 1999, Diehl et al. 2000, McIntosh et al. 2004). However, because there are 
first indications that the assumption of weaker predation effects in detritus-based 
systems may not be entirely true (Greig and McIntosh 2006, Konishi et al. 2001, Ruetz 
et al. 2002), and because there is a lack of studies concerning detritus-based systems 
and benthivorous fish species, a detritus-based food web in a small stream was chosen 
and the density of the benthivorous fish species gudgeon (Gobio gobio) and stone loach 
(Barbatula barbatula) was manipulated. 
When top-down effects were found in previous experiments it was rarely possible to 
assess the importance of both lethal and sublethal components. Mostly the focus lay on 
one of the components (sublethal: Peckarsky et al. 1993, Peckarsky et al. 2001, lethal: 
Konishi et al. 2001, Ruetz et al. 2006). The only way to investigate predation effects in 
stream ecosystems is an integrating large-scale approach as it was pursued here. Only 
by a simultaneous monitoring of the standing stocks of all trophic levels, fish predation, 
prey production, and prey emigration it becomes possible to extract the relevance of 
predation as a controlling factor in stream food webs. The study presented here is a 
field experiment investigating the impact of benthivorous gudgeon (Gobio gobio) and 
stone loach (Barbatula barbatula) on a stream invertebrate community, conducted in 
two stretches (400 m each) of a small stream over four years. The standing stock of 
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three trophic levels (periphyton/detritus, invertebrate consumers, and vertebrate 
predators) were monitored. The rates of predator consumption and benthic prey 
production were estimated for benthivorous gudgeon and two invertebrate species: the 
most abundant grazer Rhithrogena semicolorata (Ephemeroptera: Heptageniidae) and 
the most abundant shredder Gammarus pulex (Crustaeca: Amphipoda). To facilitate the 
causal analysis of the predator-prey relationship the physiological status of these prey 
taxa was analysed additionally. Sublethal predation effects were assumed to become 
evident by reduced concentrations of energy storage components such as triglycerides 
and glycogen. Finally, to detect whether possible top-down effects could have been 
caused or prevented by prey migration, the drift activity of invertebrates was measured.  
1.2 Goals and Research Questions 
The objective of this study was firstly, to analyse the net effects of predation by 
benthivorous fish on the macroinvertebrate community in a natural stream ecosystem 
and secondly, to discriminate between lethal and sublethal effects of predation. 
The thesis begins with a basic study to the seasonal and species specific variation of 
energy storage components. The aim of this part was to evaluate, whether it would be 
possible in future to assess sublethal effects of environmental stress by measuring the 
content of the storage components glycogen and triglycerides in stream mayfly larvae. 
Only when it will be possible to discriminate between the temporal and inter-individual 
variation caused by the physiology of larval development and the variability caused by 
environmental impacts the approach to assess environmental stress by measuring 
energy storage components seems promising. Thus the question in this part was 
whether energy metabolism differs between the gathering sediment-inhabiting 
Ephemera danica and the grazing and therefore strong exposed Rhithrogena 
semicolorata and whether the concentration of energy storage components may be 
affected by environmental factors (Chapter 2). The next part describes behavioural 
changes of invertebrates as a sublethal predation effect. Emphasis was put on the 
question whether the prey emigration rate changes in the presence of benthivorous 
gudgeon and stone loach and whether these changes can explain differences in prey 
biomass between the two stream stretches (Chapter 3). Thereafter the importance of 
sublethal predation effects of benthivorous fish on macroinvertebrate community 
compared to the lethal effects is shown and discussed in Chapter 4. To reach that aim, 
lethal and sublethal predation effects are compared by analysing changes in density and 
measuring energy storage components using two assumed key-stone species 
Rhithrogena semicolorata and Gammarus pulex. Because sublethal effects are expected 
to reduce fitness as consequences of predator avoidance behaviour, life history 
(especially the timing of emergence and size at maturity) and its lethal and sublethal 
consequences are studied and compared. All these rather special issues are then 
discussed with respect to the relevance of predation in stream food webs and its 
possible use as a tool in stream ecotechnology (Chapter 5). 
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2 Analysing sublethal environmental stress by measuring energy 
storage components: Seasonal and species specific variability of 
metabolic energy storage in the mayflies Rhithrogena semicolorata 
and Ephemera danica  
The results of this part are published in: Winkelmann, C. and Koop, J.H.E. (2007): The 
management of metabolic energy storage during the life-cycle of mayflies. Journal of 
Comparative Physiology B: 177: 119-128. 
2.1 Abstract 
The concentration and seasonal dynamics of the major energy storage components 
triglycerides and glycogen were measured in two species of mayfly (Rhithrogena 
semicolorata and Ephemera danica) with contrasting life cycle strategies living in a 
small mountain stream. E. danica is a burrowing, semivoltine collector-gatherer, R. 
semicolorata is univoltine and scrapes periphyton from stones. This is the first 
publication which focuses on the role of metabolic energy sources during the larval life 
span of two mayfly species until the larvae emerge. Although triglycerides are the 
major energy reserve in both species (> 84 % of total energy storage) throughout the 
whole larval development their seasonal dynamic differed considerably. In R. 
semicolorata the triglyceride concentration declined during the last weeks prior to 
emergence in both sexes. The same pattern was found in female larvae of E. danica, 
but not in male E. danica. It is suggested that females use triglycerides in the last larval 
stages for egg maturation, which is completed in the last larval instar. In male E. danica 
the triglyceride concentrations remained high until emergence, presumably due to their 
high energy demands as adults for their swarming flights. Glycogen concentrations did 
not show such a difference between species and sexes. Its significance as a storage 
substrate for energy is rather low, however concentrations decreased in both species 
and sexes prior to emergence. 
2.2 Introduction 
Most of the results in insect physiology reported in the literature are based on the study 
of only a few insect species, usually those that are easy to rear in the laboratory 
(Canavoso et al. 2001). Investigations on aquatic insect species and their ecophysiology 
are rare, especially within their natural habitat. Mayflies (Ephemeroptera) are 
hemimetabolic with only a short adult life span. Their life cycle includes four stages: 
egg, nymph, subimago and imago. The transition from the aquatic nymph to the 
terrestrial subimago (emergence) is an essential cut in the life history of mayflies. Since 
they do not feed as adults they have to gain and store all necessary energy for 
reproduction (development and deposition of eggs, male swarm flight) during their 
larval life. Thus the amount of energy stored by the aquatic larval stages is of crucial 
importance for the reproductive success of mayflies. However, little is known yet about 
the details of different strategies of metabolic energy management of aquatic insect 
larvae and the ecological consequences.  
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Usually phosphor-L-arginine quickly provides ATP for locomotion in the first instance, 
while triglycerides and glycogen are the basic storage substrates for further ATP-supply 
(Grieshaber et al. 1994, Gewecke 1995, Nation 2001). Glycogen provides substrate and 
energy for the carbohydrate metabolism even under anoxic conditions, whereas the 
mobilisation of ATP out of triglycerides is slower, but more efficient (Grieshaber et al. 
1994). The energy management, therefore, can be measured as the amount and 
variability of these major storage components at different times during the development 
of animals. Both substrates, triglycerides and glycogen, mainly result from dietary 
lipids and carbohydrates. In most insects they are transferred from midgut to the fat 
body, where triglycerides can make up more than 90 % of the total lipid content 
(Beenakkers et al. 1985). Thus the amount of energy that can be stored largely depends 
on the quality and the quantity of the available food resources. At which time and in 
which quantity energy is spent during the development of insects, or stored for other 
processes like reproduction, can be studied well in mayflies, because all energy has to 
be stored by the larvae, prior to emergence and reproduction.  
The purpose of this study is to provide insight into the energy metabolism of mayflies 
by measuring the storage components triglycerides and glycogen in the larvae during 
their aquatic life span in their natural habitats with a special focus on the last weeks 
before emergence. Therefore we compared the univoltine, grazing March Brown 
mayfly Rhithrogena semicolorata (Curtis 1834, Heptageniidae) and the semivoltine, 
burrowing Green Drake Ephemera danica (Müller 1764, Ephemeridae). The main 
hypothesis is that energy storage in larvae is focused on emergence. Further questions 
are: (1) Do male and female larvae use different management strategies of energy 
storage? (2) Do environmental factors in the habitat such as food resources and 
predation pressure affect the storage of energy reserves in the larvae? This might 
provide an insight in energy allocation as a tool to maximize ecological fitness and as 
adaptation to environmental factors.  
Thus, the management of energy storage in both species is compared with respect to 
their different life histories, different micro habitats, and their feeding and mating 
behaviour. 
2.3 Methods 
Study site and organisms 
The animals were collected in the lower section (at km 3 – 3.5) of a small second order 
mountain stream (Gauernitzbach, length 4.6 km) draining into the river Elbe 
approximately 15 km downstream of the city of Dresden (Saxony, Germany). The 
catchment area is dominated by agriculture. In the lower part, where the larvae were 
collected, the stream flows through a deciduous woodland valley (mainly alder, maple 
and oak trees). In the sampling area the stream has a mean width of 1.5 m and a mean 
discharge of 55 ± 46 L s-1. Water temperature ranges between 0 and 17°C with highest 
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values in August. Other abiotic environmental factors do not show strong seasonal 
trends (means ± SD 2002-2004: pH 8.4 ± 0.2, n = 57; electrical conductivity 888.5 ± 
70, n=66; oxygen saturation 98% ± 12%, n = 55). 
R. semicolorata prefers riffle sections of streams and rivers. There they feed mainly on 
periphyton by scraping it from the substrates or they gather fine particulate organic 
detritus from the surface of the sediment (Elliot et al. 1988). The nymphs usually swim 
in short bursts, interspersed with periods of clinging to benthic substrates like stones 
and wood. Larval development is completed within one year reaching fresh mass of 
14.1 ± 6.2 mg (mean ± SD, n = 17, 10.-17.5.04). In contrast, the Green Drake E. danica 
mainly lives in lakes and in the pool sections of streams and rivers with a sandy and 
gravel bottom (Elliot et al. 1988, Wesenberg-Lund 1943). There nymphs form a tubular 
burrow and use their prominent gills to circulate the water. E. danica larvae are 
collector-gatherers, sometimes also referred to as deposit feeder, which feeds on fine 
particulate organic detritus. E. danica usually has a two year life cycle reaching fresh 
mass of 99.6 mg ± 30.7 (mean ± SD, males, n = 12) and 147 ± 13 mg (females, n = 12, 
22.-25.5.2001). In warmer waters the species is able to complete its life cycle within 
one year. 
Field sampling and environmental factors 
E. danica was sampled mostly weekly from January to July 2001 by passing sediment 
through a sieve and picking large larvae from the remainder (3 intervals of 3 weeks in 
January, February and April). R. semicolorata was sampled from October 2003 to 
March 2004 every second week by collecting single individuals from stones. Shorter 
sampling intervals were chosen prior to emergence (every week in April, 3-4 days 
during May and June). 
Because reproduction period of the two species lasts at least six weeks and larval 
development is not entirely synchronized different larval stages could occur in the 
stream on each sampling occasion. If the content of glycogen and triglycerides change 
during larval development, sampling of different developmental stages at one date 
would lead to a high variability of the values. To minimize this variability, we always 
chose the respective largest and furthest developed larvae. Thus, on every sampling 
occasion we sampled animals from the same or a similar developmental stage. In the 
case of E. danica only larvae from the second year of their development cycle were 
selected. Animals were quickly transported to the laboratory in a cool box (4-8°C). 
Body length, mass and sex of the larvae were determined. Male larvae were determined 
by the visible first segment of the forceps (male genitalia) on the abdomen. This was 
always possible for E. danica but only for the more developed larval stages of R. 
semicolorata (from April onwards). Thereafter the animals were frozen in liquid 
nitrogen (-196 °C). Close to emergence period additionally large larvae were sampled 
and conserved in 80 % ethanol to verify the egg maturation. The timing of emergence 
and the number of emerged subimagoes were measured by using emergence traps of 
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the type ”week” (LeSage and Harrison 1979). The traps swim on the water surface and 
catch continuously all emerging animals over the covered surface (base: 40x40 cm; 
0.16 m2) in a 1% formaldehyde solution. Along a stream stretch of about 1000 m length 
a total of 6 emergence traps in 2001 and 3 traps in 2003/2004 were installed in the 
stream. The traps were emptied every second week during early spring but at least 
weekly prior to and during the period of emergence of the studied species. At each 
sampling event water temperature and sediment temperature in a depth of 3 cm (habitat 
of E. danica), pH, electrical conductance and concentration of dissolved oxygen were 
measured (LF196, pH196, Oxi96, WTW Weinheim).  
The food supply for E. danica was calculated by determining the percentage of fine 
particulate organic material in the fraction of fine sediment (FPOM, grain size < 
1 mm). For that purpose, at each sample point 5 small sediment cores (core-diameter: 
3 cm, core depth: 5 cm) were sampled. The cores were transported to the lab in a cool 
box (4-8°C). Afterwards the sediment cores were dried for 12 hours at 80°C and 
weighed. Thereafter, all organic components of the dried sediment samples were 
burned for 4 hours at 550°C and the mass difference between the dried and the burnt 
sample was calculated as ash free dry mass. To determine the available food source for 
R. semicolorata at each sample point three stones were randomly taken from the 
streambed. The periphyton (biofilm) was removed from the stones by brushing every 
stone carefully. Ash free dry mass of the biofilm was determined by drying the brushed 
material for 12 hours at 80°C, weighing and burning it for 4 hours at 550°C. The stone 
surface was estimated by covering it with foil and weighing the removed foil (after 
Doeg and Lake 1981). The amount of biofilm was reported as ash free dry mass per 
area (mg cm-2). 
Estimation of egg maturation 
The egg number of last instar female larvae (black wing pads) was counted by 
removing the eggs from the abdomen and separating them by short ultrasonic pulses 
(UW 70, Badelin electronic, Berlin). Afterwards, the homogenous egg suspension was 
filtered (cellulose acetate, 0.45 μm). The filter was slightly stained by a drop of ink and 
all eggs of at least three out of eight parts of the filter were counted under a dissecting 
microscope (mean number of eggs per part filter tissue 230). 
Analysis of energy storage components 
Triglycerides and glycogen contents of individual larvae (whole animal) were 
determined by enzymatic assays. First in 2001 the method described below was adapted 
to measure triglycerides in single individuals of E. danica larvae. In 2003 we intended 
to use the same method to measure triglycerides in R. semicolorata. However, because 
of the considerably lower biomasses of R. semicolorata and to maintain the 
measurement of single individuals the method was adapted. Therefore it differed 
slightly from the method used for E. danica. Thus in this study our emphasize lies 
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rather on the comparison of the seasonal pattern of the triglyceride concentration than 
on the direct comparison of the absolute concentrations between the two species. 
The animals were lyophilised for 12 hours (R. semicolorata) or 24 hours (E. danica) 
and carefully homogenised with a glass stick in clean vials (polyethylene vials with a 
volume of 2 ml for R. semicolorata, 10 ml glass vials for E. danica). Triglycerides were 
extracted by adding 1-2 ml HIP (hexanol : isopropanol mixture, 3:2, v:v, Hara and 
Radin 1978). All working steps with the extraction solvent were conducted on ice to 
prevent evaporation of the solvent. The homogenate was mixed well for some seconds 
(Vortex shaker) and short ultrasonic pulses (UW 70, Badelin electronic, Berlin) were 
applied to separate the particles from each other. Samples were left for 5 minutes on ice 
for triglyceride extraction. Subsequently, tissue was separated from the solvents by 
centrifugation (cooled micro centrifuge, 25,000 g, Eppendorf, Germany). For E. danica 
triglycerides were split into glycerol and free fatty acids by saponification (70°C) and 
the liberated glycerol was measured enzymatically (Kreutz 1962, Pinter et al. 1967) 
using a commercial triglyceride assay (Triglycerides 320-A, SIGMA Diagnostics, St. 
Louis, USA) and a spectral photometer (Lambda12, Perkin Elmer, Überdingen, 
Germany). For R. semicolorata the extract was transferred into glass vials and 
lyophilised for 12 hours to eliminate the solvent. Triglycerides were split into free 
glycerol and fatty acids enzymatically by lipoprotein lipase. For enzymatic 
determination a commercial assay for analysing triglycerides in human serum (Dr. 
Lange Test LCN 351, GPO-PAP-Method, Berlin, Germany) and a spectral photometer 
(Lambda12, Perkin Elmer, Überdingen, Germany) was used. The Sigma Diagnostics 
Triglyceride Calibrator set (No. T2772) was used for calibration.  
It cannot be ruled out that differences in triglyceride concentrations between the two 
species may result from the different analytical approaches. However, we avoid direct 
comparison of single values between the species. The purpose of this study is to 
compare seasonal changes or sex-depended differences between the species. Thus only 
relative differences were of interest. 
The glycogen content of whole larvae was analysed enzymatically as described in 
Bergmeyer (1985). Prior to the enzymatic hydrolysis the glycogen in of E. danica was 
cleaned up by hot KOH-extraction and precipitation by saturated Na2SO4 solution. For 
R. semicolorata the internal enzymes of the larval tissue were thermally immobilised 
(vials with single animals for 10 min in 100°C water bath). For enzymatic hydrolysis 
samples were incubated for 3 hours at 37°C in acetate buffer (2 mol L-1, pH  4.8) with 
amyloglucosidase (Sigma Aldrich, Steinheim, 3 U for R. semicolorata, 14 U for E. 
danica). After thermal enzyme immobilisation the homogenate was centrifuged (cooled 
micro centrifuge, 25,000 g, Eppendorf, Germany) and the supernatant was analysed for 
free glucose enzymatically using a commercial glucose assay (Nobima-Hit I Glucose-
HK, Hitado diagnostic Systems Möhnesee, Germany or Infinity Glucose-Reagent 17-
UV, Sigma Diagnostics, St. Louis, USA) and a spectral photometer (Lambda12, Perkin 
Elmer, Überdingen). 
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Data analysis 
The total accumulated energy (kJ g-1 dry mass) in glycogen or in triglyceride storages 
of larvae of both species (whole animals) was calculated as described in Wieser (1986). 
The energy content of triglycerides is assumed to be 31,503 kJ mol-1 (palmitic acid: 
9,948 kJ mol-1, glycerol: 1,659 kJ mol-1). The energy content of glycogen was 
calculated with 2,813 kJ mol-1 glucose (Wieser 1986). Because of methodical 
differences in the analyses of triglycerides and glycogen a transformation between dry 
and fresh mass was necessary. The transformation factor was obtained by a linear fresh 
mass-dry mass correlation from the analysed animals (E. danica slope 0.286, n = 110, 
R2 = 0.755 , p < 0.001, R. semicolorata slope 0.362, n = 117, R2 = 0.87, p < 0.001). 
Based on these values the energy content accumulated in the glycogen and in the 
triglyceride storages of the analysed larvae was calculated and expressed as kJ g-1 
animal dry mass. 
For comparisons of mass, energy content, concentrations of triglycerides and glycogen 
between the sexes or species t-tests where used (calculated in R 2.0). Since the 
concentrations of glycogen showed a trend during the sampling period a paired t-test 
was used to compare the sexes over the whole sampling period. Variance asymmetry 
occurred in the case of energy content thus the Welch test was performed here. Despite 
most multicellular organisms E. danica and R. semicolorata showed no decrease of 
growth rates during the later larval development. Thus the rates of mass increase for the 
two species were obtained by fitting an linear model to the field data instead of an 
allometric function (y = a - bx, Sigma Plot 8.0). In the case of R. semicolorata mass 
increase showed two distinct phases. Thus two separate curves were fit. To describe the 
decrease of triglycerides and glycogen also a linear model was used, since it fitted well 
and there is no reason to expect another function. The parameters and plots are shown 
only for the significant regressions. 
2.4 Results 
Environmental factors 
The seasonal dynamics of food supply differed for the two species. E. danica larvae 
were able to use a relatively stable food supply during their larval development. The 
mean proportion of fine particulate organic matter (FPOM, grain size < 1mm) in the 
sediments on each sampling date ranged between 5.6 and 7.2 % and did not show a 
consistent seasonal trend (Fig. 2-1). On the contrary, R. semicolorata larvae which feed 
on periphyton had to face seasonal changes in food supply. During winter periphyton 
biomass remained permanently low (November - February: 0.3 ± 0.2 mg cm-2, 
mean ± SD, n = 7). Whereas in spring and summer food supply was better reaching a 
maximum of 1.2 mg cm-2 (March – July: 0.75 ± 0.41, p < 0.001, n =  20, t-test). 
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Especially in March there was a sudden increase from 0.2 mg cm-2 up to 1.1 mg cm-2 
within only 17 days (27.2.2004 – 15.3.2004, Fig. 1). 
Figure 2-1: Mean con-
centrations of food supply (± 
standard error, n = 3 on each 
sampling occasion) in the 
natural habitats of E. danica 
and R. semicolorata during the 
season. Fine particular organic 
matter (FPOM) is used by E. 
danica. Periphyton, measured 
as ash free dry mass (AFDM) 
is used by R. semicolorata. 
Grey circles: AFDM, open 
circles: FPOM. 
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Figure 2-2: Somatic growth of the two species E. danica and R. semicolorata 
calculated using a liniar model (y = a - bx) for data of mass increase during the 
developmental time (measured as days before the start of emergence period). 
Parameters, sample size and r2 are listed in Table 1. FM: fresh mass, DM: dry mass, 
open symbols: female larvae, grey symbols: male larvae, black symbols: indeterminate 
sex. 
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Larval development 
The mean biomass of E. danica larvae at the last sampling date before emergence 
differed significantly between the sexes (males 64 mg, females 157 mg, p < 0.001, 
n = 6, t-test). The biomass of R. semicolorata larvae was considerably lower (14 mg 
prior to emergence) and the mature larvae of R. semicolorata showed no difference in 
body mass between the sexes (p = 0,48, n = 6, t-test). Somatic growth of the two 
species throughout the year could be described with linear models (Fig. 2-2, Tab. 2-1).  
 
Female larvae of E. danica larvae showed a faster growth than male larvae (slope of 
linear mass increase females: 0.44, males: 0.13). R. semicolorata larvae showed a 
relatively slow growth rate during winter (slope of linear mass increase: 0.03) and a 
higher rate during spring (slope of linear mass increase 15.3.2004 until emergence 
females: 0.38, males: 0.32). Egg maturation was completed in the last larval instar 
(black wing pads) immediately before emergence in both species. In that stage the 
whole abdomen was filled with eggs and intestines were empty and collapsed. Female 
larvae of E. danica contained more eggs than R. semicolorata (E. danica: 4740 ± 570, 
n = 3, R. semicolorata: 1529 ± 420, n = 34, mean ± SD). The emergence period of E. 
danica started at the end of May and lasted for at least 8 weeks (Fig. 2-3a). R. 
semicolorata emerged earlier in May and emergence period was slightly shorter 
(Fig. 3d). 
The concentration of energy storage components in the animals 
Triglycerides were the main energy storage component for both species. Glycogen 
accounted for only 2.8 ± 3.2 % of total stored energy for E. danica and 16 ± 7.8 %for 
R. semicolorata (mean value of the whole study period ± SD). The seasonal dynamics 
of triglycerides differed between the two studied organisms. Mean concentration of 
triglycerides in male larvae of E. danica during their second year was  
169 ± 35 μmol g-1 DM (mean ± SD, n = 52, Fig. 2-3b). During the final larval 
development (last 50 days before the start of emergence) triglyceride storage was kept 
nearly constant and therefore showed no apparent change with the time left until 
emergence (Fig. 2-4a). During winter and spring female larvae stored similar amounts 
of triglycerides (January-May: 176 ± 31 μmol g-1 DM, mean ± SD, n = 32, Fig. 2-3b). 
However, two weeks before the start of the emergence period triglyceride 
concentrations declined rapidly to a minimum value of 44.3 μmol g-1 DM (mean value 
on 5.6.2001, n = 6, Fig. 2-3b). In females there was a significant correlation between 
triglycerides concentrations and days left until the start of emergence (last 50 days, 
Fig. 2-4a, Tab. 2-1). The following increase of triglycerides during June may result 
from a second cohort sampled after the first one left the stream. This is supported by 
the two clearly distinct peaks in emergence abundance (Fig. 2-3a). Triglyceride 
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concentrations of R. semicolorata larvae ranged from 10 to 60 μmol g-1 DM 
(39.4 ± 21 μmol g-1 DM, mean ± SD, n = 123). No differences in triglyceride 
concentrations between the sexes could be shown (p = 0.11, n = 14, paired t-test,  
Fig. 2-3e). However, both sexes showed a significant decline of triglyceride 
concentrations within the last 50 days before emergence (Fig. 2-4b, Tab. 2-1).  
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Figure 2-3: Timing of larval development shown as mean emergence abundance per 
week (± standard error, n = 3 on each sampling occasion) and mean concentration of 
triglycerides and glycogen of second year E. danica larvae and R. semicolorata larvae 
during the larval development (means ± standard error, n ≥ 3 on each sampling 
occasion). The grey parts of the graphs indicate emergence period. FM: fresh mass, 
DM: dry mass, open symbols: female larvae, grey symbols: male larvae, open triangles: 
larvae with indeterminate sex 
 
Glycogen concentrations were in the same magnitude for the two studied species and 
ranged between 20 and 100 µmol g-1 (Fig. 2-3c, f). No sex-dependent difference over 
the whole sampling period could be shown for R. semicolorata (p = 0.1, n = 12, paired 
t-test) but for E. danica glycogen concentrations were consistently higher in female 
larvae (p = 0.0036, n = 20, paired t-test). Starting with the highest values in winter E. 
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danica showed a steady decrease of glycogen concentration within the second year of 
their larval development (Fig. 2-3c, Fig. 2-4c, Tab. 2-1). The glycogen concentrations 
of R. semicolorata showed a peak in mid-December and a significant decline within the 
last 50 days prior to emergence (Fig. 2-3f, Fig. 2-4d, Tab. 2-1). 
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Figure 2-4: Linear regressions of glycogen and triglycerides concentrations of the two 
species E. danica and R. semicolorata versus the developmental time as days before the 
start of emergence period during the last weeks of larval development (lines drawn only 
for significant correlations). Parameters, sample size and r2 are listed in Table 2-1. FM: 
fresh mass, DM: dry mass, open symbols and broken lines: female larvae, grey symbols 
and solid lines: male larvae 
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Table 2-1: Parameters, r2, sample size and significance levels of regression models for 
growth (y = a – b x) of male and female E. danica and R. semicolorata larvae over the 
season. Parameters, r2, sample size and significance levels of regression models of 
energy storage components (y = a – b x) of male and female E. danica and R. 
semicolorata larvae during the last 50 days before emergence.  
   a b n R2 p 
fresh mass R. semicolorata female 15.8 0.375 41 0.56 <0.001 
  male 16.01 0.321 18 0.52 <0.001 
  both sexes 5.02 0.027 41 0.397 <0.001 
 E. danica female 146.4 0.44 90 0.48 <0.001 
  male 53.5 0.136 90 0.25 <0.001 
        
triglycerides R. semicolorata female 25.8 0.63 24 0.49 <0.001 
  male 29.8 0.72 24 0.19   0.03 
 E. danica female 92 2.16 33 0.69 <0.001 
  male 165.9 0.42 32 0.07   0.144 
        
glycogen R. semicolorata female 23.9 0.59 27 0.65 <0.001 
  male 24.4 0.15 42 0.1   0.04 
 E. danica female 31.5 0.42 44 0.31 <0.001 
  male 19.5 0.15 45 0.18   0.004 
 
The amount of stored energy on the last sampling date before emergence differed 
significantly between the sexes for E. danica (p < 0.001, males: 4.4 kJ g-1 DM, n = 6, 
females: 2.4 kJ g-1, n = 9, Welch test, 21.6.2001) but not for R. semicolorata larvae 
(p = 0.174, n = 6, males 1.8 kJ g-1, females 1.2 kJ g-1, Welch test, Fig. 2-5, 13.5.2004 
and 17.5.2004). An estimation of energy content at the start of emergence (day 0) based 
on the linear regressions of triglycerides and glycogen does not produce a different 
result (E. danica: males 5.5 kJ g-1, females 3.1 kJ g-1; R. semicolorata: males 1.1 kJ g-1, 
females 1.0 kJ g-1. 
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Figure 2-5: Amount of the stored 
energy per dry mass (mean ± standard 
deviation) at the last sampling before 
the start of emergence (E. danica: 
21.6.01, R. semicolorata 13.5.04 and 
17.5.04) calculated as sum of the 
energy content of the stored 
triglyceride (31503 kJ mol-1) and 
glycerine (2813 kJ mol-1). Number of 
samples is indicated in the plot. 
 
2.5 Discussion 
We were able to show characteristic and ecologically important patterns of the energy 
storage management for two different mayfly species during their larval development 
within their natural habitat. The content of glycogen and triglycerides characterizes and 
integrates the gain or the loss of energy surpluses by the animals in the course of the 
previous days, weeks and months of their larval development. Especially the content of 
triglycerides seems to be an evident trait of the population fitness because reproduction 
is paid for out of this energy storage.  
Our hypothesis was that energy storage strategy focuses on the time of emergence. 
Since the aerial stages of mayflies (subimago, imago) do not feed, we expected an 
accumulation of energy storage components during the larval development. The 
imagoes utilize these larval energy reserves for all their activity such as swarming 
flights, mating and egg deposition flights of the females. Because triglycerides are the 
most efficient energy storage component and a main fuel for flight energetics 
(Benakkers 1969, Sartori et al. 1992) we expected the concentration of triglycerides to 
rise continuously until the start of emergence. This was not true for the two studied 
species. Only male E. danica larvae fitted into to our expectations by having high 
triglyceride concentrations until the emergence period. However, no intensive 
accumulation resulting in a prior-emergence increase could be observed. We assume, 
that this is due to the observed intensive somatic growth until emergence. In contrast to 
other organisms growth rate did not decrease with increasing body size. One part of the 
obtained energy is used for growth and another to store energy for the reproductive 
period. However, since both processes occur simultaneously the absolute amount of 
stored energy in each individual increases towards emergence even if the concentration 
measured per unit mass remains constant.  
We suggest that female larvae of the two species use triglycerides for the energy-
demanding synthesis of vitellogenin, the most important yolk protein. Within the last 
weeks before the start of the emergence period a strong decline in triglyceride 
concentration and the development of eggs in the larval abdomen were observed. All 
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eggs were fully developed in the last larval stage, which is easily recognized by black 
wing pads. The use of stored lipids for egg production seems logical from an ecological 
point of view and has been observed for other non-aquatic insects (Warburg and Yuval 
1996, Murata and Tojo 2002, Horton et al. 2005).  
In the case of E. danica the differences in the total energy content between the sexes on 
the last sampling date before emergence might be explained by the time of energy 
investment in reproduction. Males of this species perform long and energy demanding 
flights as adults (swarming) in contrast to females, which invest in eggs during their 
final larval development and perform only short flights for mating and oviposition 
(Harker 1992). Thus on the last sampling date before emergence only females already 
have invested large parts of the stored energy in reproduction (eggs) . Thus our results 
for E. danica support the presumption of Sartori et al. (1992) that sex specific energy 
contents are related to the different mating strategies of the sexes of this species, which 
they postulated for Sipholunurus aestivalis. Similar patterns of energy management 
were also found for Hexagenia spp. in two lakes (Cavaletto et al. 2003). Even though 
Cavaletto et al. (2003) did not report sex-dependent triglyceride concentrations for the 
larvae, they found significant differences in the subimagoes. 
The decline of glycogen at the end of the larval development seems to be a general 
pattern at least for Ephemeroptera. Besides our data of E. danica and R. semicolorata 
this pattern was already described for Hexagenia spp. (Cavaletto et al. 2003) and 
Sipholunurus aestivalis (Sartori et al. 1992). We suppose that adult mayflies do not 
need much glycogen, since their main energy demanding activity (flight) is paid for by 
breakdown of triglyceride reserves (Benakkers 1969, Sartori et al. 1992).  
Our second question was whether environmental factors in the habitat such as food 
resources could possibly affect the storage of energy reserves of mayfly larvae. The 
differences in triglycerides dynamics could be interpreted as effects of environmental 
factors on energy metabolism in case of R. semicolorata larvae while E. danica seemed 
to be less affected. E. danica larvae live covered by sediment and therefore the risk of 
predation by benthivorous fish is relatively low. Further, nutrient supply does not 
change remarkably throughout the year (Fig. 2-1). Thus energy management seems to 
be optimised with respect to energy demand of reproduction only. Males emerge 
smaller than females because reproductive success is positively correlated to female 
body size (Honek 1993) but have significant higher energy concentrations because of 
the swarm flight. In contrast, the development of the R. semicolorata larvae seems to be 
more affected by environmental factors. R. semicolorata larvae are confronted with 
predation  and have to deal with considerable changes of food supply throughout the 
season (Winkelmann et al. 2007a, Fig. 2-1). The life cycle of R. semicolorata could be 
regarded as trade-off between maximal body length to maximize female fecundity 
(Scrimgeour and Culp 1994, Honek 1993, Kosnicki and Burian 2003) and early 
emergence avoiding predation (Peckarsky et al. 2001). Somatic growth of R. 
semicolorata larvae is divided into two phases. During winter the mass increase is 
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remarkably slower than during spring, when water temperature and food concentration 
rise. Unlike E. danica the final larval stages of R. semicolorata do not show sex-
dependent differences in body mass or triglyceride concentration (Fig. 2-2, 2-4).Both 
sexes seem to use up large parts of their triglycerides storage in the last four weeks 
prior to emergence even though males have to perform mating flights. This could be 
explained by an accelerated larval growth during spring in order to reduce the time of 
high predation risk at the end of larval development caused by the higher body mass of 
the late larval stages. This is supported by the coincidence of fast somatic growth, 
decrease of triglycerides concentrations and high food concentrations in the habitat. 
Thus for the fast somatic growth of the larvae energy could be provided by triglyceride 
break down and the necessary substrate by food uptake. On the other hand, it seems 
possible that reproductive success is positively correlated with body size not only for 
females but also for males. This was observed for Epeorus longimatus (Flecker et al. 
1988) and is suggested for Heptagenia lateralis and Ecdyonurus dispar, since these 
species jostle frequently while swarming (Harker 1992). In this case males would rather 
invest in body growth and store less triglycerides for swarming, which than would have 
to be shorter than swarm flight of E. danica. 
2.6 Conclusion 
Measurements of energy storage components of mayflies in their natural habitats 
revealed different strategies of energy management which might be explained by life 
cycle, habitat selection and may be the effects of environmental factors. If mechanisms 
behind these management strategies will become clear during future investigations, the 
concentration of triglycerides at certain points in the life cycle (for instance shortly 
prior to emergence) could be used as a trait for population fitness in ecological field 
experiments in animals that do not feed as adults. Such traits measuring the 
physiological status of organisms are not common yet but necessary for investigation of 
sublethal effects of environmental factors on individuals, populations, or whole food 
webs.  
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3 Sublethal predation effects of benthivorous fish on 
macroinvertebrate community: Effects of benthivorous fish on 
total invertebrate drift and drift activity of the mayfly Baetis rhodani 
The results of this part are published in: Winkelmann, C., Petzoldt, T., Koop, J.H.E., 
Matthaei, C.D. & Benndorf, J. (2007): Benthivorous fish reduce stream invertebrate 
drift in a large-scale field experiment. Aquatic Ecology. DOI 10.1007/s10452-007-
9101-7. 
 
3.1 Abstract 
Drift as a low-energy cost means of migration may enable stream invertebrates to leave 
risky habitats or to escape after encountering a predator. While the control of the 
diurnal patterns of invertebrate drift activity by fish predators has received considerable 
interest, it remains unclear whether benthivorous fish reduce or increase drift activity. 
We performed a large-scale field experiment in a second-order stream to test if 
invertebrate drift was controlled by two benthivorous fish species (gudgeon Gobio 
gobio and stone loach Barbatula barbatula). An almost fishless reference reach was 
compared with a reach stocked with gudgeon and loach, and density and structure of 
the invertebrate communities in the benthos and in the drift were quantified in both 
reaches. The presence of gudgeon and stone loach reduced the nocturnal drift of larvae 
of the mayfly Baetis rhodani significantly, in contrast to the findings of most previous 
studies that fish predators induced higher night-time drift. Both drift density and 
relative drift activity of B. rhodani were lower at the fish reach during the study period 
that spanned three years. Total invertebrate drift was not reduced, by contrast, possibly 
due to differences in vulnerability to predation or mobility between the common 
invertebrate taxa. For instance, Chironomidae only showed a slight reduction in drift 
activity at the fish reach, and Oligochaeta showed no reduction at all. Although benthic 
community composition was similar at both reaches, drift composition differed 
significantly between reaches, implying that these differences were caused by 
behavioural changes of the invertebrates rather than by preferential fish consumption. 
The direction and intensity of changes in the drift activity of stream invertebrates in 
response to the presence of benthivorous fish may depend on the extent to which 
invertebrate taxa can control their drifting behaviour (i.e. active versus passive drift). 
We conclude that invertebrate drift is not always a mechanism of active escape from 
fish predators in natural streams, especially when benthos-feeding fish are present. 
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3.2 Introduction 
The drift behaviour of stream invertebrates is a trade-off between benefit and risk. Drift 
enables invertebrates to escape unfavourable physical, chemical or biological 
conditions and provides an opportunity to colonise new habitats. However, drifting also 
holds the risk of meeting hostile environmental factors or being killed by predators.  
The local risk of predation varies temporally and also differs between invertebrate 
species. For example, large Baetis mayfly larvae are especially vulnerable to trout 
predation during daylight (Rader 1997). Drift behaviour of Baetis has been studied 
intensively, and the nocturnal drift peak of this mayfly genus is thought to be a 
behavioural adaptation to avoid day-active, drift-feeding fish (Allan 1978, Tikkanen et. 
al. 1994, Huhta et al. 2000, Miyasaka and Nakano 2001). Mayfly larvae, and especially 
Baetis spp., also represent an important food resource for benthivorous fish (Dahl 
1998a, Copp et al. 2005). In relation to benthivorous fish, which have been studied less 
often than drift-feeding fish, the night-time peak of Baetis drift is seen as an active 
escape mechanism (Huhta et al. 2000). Thus, drift activity is generally expected to 
increase in the presence of fish at night, even though the specific reasons for the 
increase may differ for drift-feeding and bottom-feeding predators.   
Enhanced drift activity at night is thought to enable invertebrates to escape risky 
habitats while day-active, drift-feeding fish that hunt visually, such as salmonids, are 
less active. By contrast in the presence of night-active, benthivorous fish, the higher 
nocturnal drift rates are assumed to be caused by direct flight reactions to escape 
predator attacks. Nevertheless, some behavioural studies have also documented reduced 
activity of invertebrates in the presence of predators (Andersson et al. 1986, 
Scrimgeour et al. 1994, Diehl et al. 2000). These findings contrast with the hypothesis 
of increased drift activity in the presence of fish. Further, many drift studies do not 
allow direct comparisons of invertebrate drift activity in situations with and without 
fish because they were conducted in different streams (e.g. Flecker 1992, Brewin and 
Ormerod 1994, Huhta et al. 2000) or at small spatial scales (Scrimgeour et al. 1994, 
Peckarsky and McIntosh 1998, Miyasaka and Nakano 2001). However, when the aim 
consists in estimating the importance of changes in invertebrate drift activity for 
benthic community structure, it is desirable to conduct large-scale field studies because 
extrapolation from laboratory or small-scale experiments to the situation in natural 
streams is often difficult. 
In the present research, we investigated invertebrate drift in a manipulative experiment 
conducted in a 0.4 km reach of a small stream that contained benthivorous fish and a 
fishless reach of similar length. This approach allowed us to compare drift activity 
directly between similar, natural habitats with and without fish for a period of three 
years. To our knowledge, only one similar experiment has been performed, which 
investigated the short-term effects of changing concentrations of trout odour on the 
drift of Baetis bicaudatus (McIntosh et al. 1999). 
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The aim of our experiment was to determine the role of benthic fish in controlling 
invertebrate drift behaviour. Our main question was whether invertebrate drift activity 
at night would increase or decrease in the presence of benthivorous fish. Our 
hypothesis was adopted from Huhta et al. (2000) and assumed that the nocturnal drift 
behaviour of invertebrates and especially Baetis is an active predator escape 
mechanism. We hypothesized that the presence of nocturnal, bottom-feeding, 
insectivorous gudgeon (Gobio gobio, L.) and stone loach (Barbatula barbatula, L.) 
should induce increased nocturnal drift activity.  
 
3.3 Materials and Methods 
Study site 
Our experiment was carried out in the Gauernitzbach, a second-order tributary of the 
River Elbe, about 15 km downstream of the City of Dresden (Saxony, Germany, 
51°06’N, 13°32’E). The Gauernitzbach has a length of 4.6 km from its source to the 
confluence with the River Elbe. The experimental stretches were located in the lower 
reaches of the stream in a deciduous woodland valley (mainly alder, maple and oak 
trees). Average stream width at the study reaches was 1.2 m and average slope 2.7 %. 
Mean discharge during the years 2003–2006 was 35 ± 40 L s-1 (mean ± SD, n = 82). 
The stream catchment is moderately affected by agricultural runoff because the upper 
parts of the catchment (100-120 m above sea level) are farmed intensively. The stream 
bed surface consisted mainly of cobbles and gravel in the riffles and sand and gravel in 
the pools. During our study, the stream water was almost saturated with oxygen 
(99.4 ± 12%), had a pH of 8.4 ± 0.2 and an electrical conductivity of  
862 ± 74 µS cm-1 (means ± SD; n > 30 for all three parameters). The average 
concentrations of inorganic nutrients were 12.3 ± 3.3 mg NO3-N L-1 and 
26 ± 15µg SRP L-1 (n = 23; monthly values from 2003-2004).  
The stream had contained brown trout (Salmo trutta fario L.) before we started our 
experiment. These trout were removed from the whole experimental reach in spring 
2002, one year before our drift collections began, and this removal was largely 
successful. Only four individuals of trout were caught and removed during several 
follow-up electric fishing occasions from 2003 to 2006 (three in the fish reach in 2005 
and one in the reference reach in 2006; see also Table 3-1). Most likely, these 
individuals had re-invaded the experimental reaches between electric fishing occasions. 
Experimental design and biological sampling 
We decided to work at a large spatial scale (two 400-m stream reaches) to assess the 
effects of fish predation on invertebrate drift in a realistic setting (see Introduction). We 
also wanted to compare drift activities with and without fish in neighbouring reaches of 
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the same stream to keep all un-manipulated habitat parameters in our reaches as similar 
as possible because drift activity is influenced by many environmental factors (see 
Brittain and Eikland 1988). We would have preferred to use a replicated study design 
with a reference and a fish reach in each of several streams. However, field trials 
convinced us that it would have been logistically (and financially) impossible to control 
fish densities in several streams for several years. Therefore, we decided against spatial 
replication at the reach scale. To increase reproducibility of our results within our study 
stream, we collected further drift samples two and three years after the initial 
collections. We are aware that these samples represent temporal pseudo-replicates 
sensu Hurlbert (1984). Nevertheless, because drift samples collected at the same sites 
but years apart can be expected to differ in many ways (e.g. due to different flow 
conditions, water temperature, or flooding history prior to sampling), we feel that our 
repeated drift sampling over such a long period lends more weight to our results and the 
conclusions that can be drawn from them.  
The stream was divided into three contiguous sections (400 m, 200 m, and 400 m long) 
by creating fish barriers made of high-grade steel mesh (5 mm mesh size). The 
lowermost section was used as the experimental reach (henceforth called fish reach), 
the middle section as a buffer reach (also stocked with fish), and the uppermost section 
as the fish-free reference reach. The steel mesh kept the experimentally stocked fish in 
the fish and buffer reach and excluded them from the reference reach. To ensure that 
the reference reach did not receive fish odours (kairomones), all fish were removed by 
electric fishing not only from the reference reach, but also from the entire length 
upstream of the reference reach that was suitable for fish (about 0.5 km). Fish were 
removed from this top section three weeks before the first drift collection in April 2003 
and six times during the subsequent three years. To minimise confounding effects of 
the electric fishing procedure on invertebrate abundances, all experimental reaches, 
including the one containing fish, were fished at the same intervals. In the fish and 
buffer reaches, all fish were released after they had been measured and weighted (see 
below). By contrast, the few individuals caught in the reference reach and upstream 
were removed. While it was impossible to keep our “fishless” stream reaches 
absolutely free of fish for the entire three years, fish densities were always much lower 
in the reference reach than in the fish reach (see Table 3-1). Further, McIntosh et al. 
(1999) showed that changes in kairomone concentrations can induce behavioural 
changes in mayflies within a few minutes. Therefore, we judged it to be sufficient that 
the reference reach and the stretch upstream of the reference reach were free of fish at 
least a few weeks before the invertebrate drift samples were collected, and we are 
confident that we achieved this aim. Consequently, we consider the reference reach as 
“fish-free” in the context of the present research.  
Three weeks prior to the first drift collection (25-27 April 2003), the fish and buffer 
reaches were stocked with gudgeon (400 fish with a total biomass of 5.3 kg, equivalent 
to a density of 0.8 fish m-2). During the subsequent three years, fish abundance and 
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biomass were estimated by electric fishing in both reaches four times a year. On each 
fishing occasion at least 50 specimens were measured, weighted and subsequently 
released. The fish biomass was kept similar by restocking in spring and autumn to 
correct for escaped fish and bird predation. From October 2004 onwards, stone loach 
(Barbatula barbatula L.) was stocked additionally to gudgeon to increase predation 
pressure on the benthic community (100 specimens, total biomass 1 kg, equivalent to a 
density of 0.4 fish m-2). Both gudgeon and stone loach are nocturnal, bottom-feeding 
insectivorous fish (Bourdeyron and Buisson 1982; Michel and Oberdorff 1995; Fischer 
2004). In another study in the Gauernitzbach, gudgeon preferred pools as their habitat 
and fed mainly on mayflies, caddisflies and chironomids (which made up 30 %, 28 % 
and 11 %, respectively, of gudgeon gut contents in May 2004, n = 10, S. Worischka, 
TU Dresden, unpubl.). Baetis spp. was the most commonly eaten mayfly. Stone loach 
showed a similar feeding behaviour in a second study in April 2005, but the proportion 
of mayflies in its guts was higher (mayflies 55 %, stoneflies 18 %, chironomids 9 %, 
n = 10, S. Worischka, unpubl.). Stone loach preferred riffle habitats in the 
Gauernitzbach. Consequently, stocking stone loach in addition to gudgeon ensured that 
benthivorous fish predators were present in the main habitats of our study reach (pools 
and riffles). On the first drift sampling occasion, three drift nets each (opening 
20 x 20 cm, mesh size 0.5 mm) were exposed side by side near the downstream end of 
the fish reach and near the downstream end of the reference reach on three consecutive 
days (25 - 27 April 2003). On each day, nets were exposed for 1 hour just after dark 
(21:30-22:30, because the highest drift activity can be expected at this time of the day; 
Allan and Russek 1985) and for 1 hour after sunrise (7:00 – 8:00). During the first 
night, additional samples were taken at dusk (20:00-21:00) and before midnight  
(23:00-24:00) to determine diel variation of drift activity. In 2005 (on 19 April) and 
2006 (on 18 May), drift samples were taken for 1 hour just after dark (21:00-22:00 and 
22:00-23:00, respectively). 
Because the hypothesis tested in our paper focuses explicitly on nocturnal drift (Huhta 
et al. 2000), we included only drift samples collected at night in the statistical analysis 
(see below). In both stream reaches, drift activity of Baetis rhodani was much lower 
during daylight than at night (April 2003; fish reach: day 0.04 ± 0.05, night 0.23 ± 0.12; 
reference reach: day 0.39 ± 0.45, night 0.69 ± 0.57; n = 15 at night, n = 9 at day; means 
± SD). The relative coarse mesh size of the drift nets prevented any clogging of the nets 
during sampling. At the end of each sampling period, water velocity in the centre of 
each drift net frame was measured with a micro-flow meter (MiniAir2, propeller 
diameter 0.5 cm, Schiltknecht, Gossau, Switzerland). Due to the presence of the 200-m 
buffer reach, the drift nets exposed at the reference and fish reaches were separated by a 
distance of nearly 600 m. Because drift distances at normal flow are known to be 
relatively short (usually less than 25 m, see e.g. Elliott 2002), it is very unlikely that we 
caught any drifting invertebrates from the reference reach in the drift nets at the fish 
reach. Within two weeks before or after each drift collection, benthic invertebrates were 
sampled in each reach using a Surber sampler (area 0.12 m2, mesh size 500 μm, 
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6 random samples per reach). This staggered sampling schedule minimised interference 
between drift and benthic sampling. Invertebrates in all samples were preserved in 80% 
ethanol in the field and later counted, measured to the nearest 0.1 mm and determined 
to the lowest practical taxonomical level in the laboratory using a Wild 
stereomicroscope (model M8, Heerbrugg, Switzerland). 
Data analysis 
Drift density (individuals m-3) was calculated by dividing the number of animals in 
each sample by the volume of water that had flown through the corresponding drift net 
(Elliott 1971). To compare drift values between different years having different benthic 
abundances, drift activity (da, in %) was calculated using equation 1 (Elliott 1971): 
100∗∗=
bd
zddda     (1) 
Where dd = drift density as individuals m-3, z = water depth in riffles in m, and  
bd = benthic density in individuals m-2. Total predator biomass in the experimental 
reaches was calculated as g m-2 fresh mass. To allow comparisons between fish and 
invertebrate predator biomasses, dry mass of invertebrates calculated from 
length/weight relationships (Meyer 1989) was transformed to fresh mass using a 
conversion factor of 3. This factor was based on similar factors found for stream 
invertebrates in earlier research (Winkelmann and Koop 2007; C. Winkelmann 
unpubl.). 
Invertebrate data were analysed using either multivariate methods (species composition 
data) or ANOVA techniques (univariate response variables). To detect changes in the 
species composition of invertebrate stream drift, we performed non-metric 
multidimensional scaling (NMDS) and the accompanying permutation test ANOSIM 
(Analysis of Similarities) using all night-time samples collected in 2003 (PRIMER v5, 
Clarke 1993, Clarke and Warwick 2001). The Bray-Curtis distance measure was used 
after transforming the community data by the fourth root to prevent dominance of 
abundant taxa (Clarke and Warwick 2001). If significant changes in community 
structure were registered, SIMPER (Similarity Percentages) ordination was performed 
to determine the invertebrate taxa responsible for the observed differences (Clarke and 
Warwick 2001). Densities of drifting invertebrates were compared between reaches 
using repeated-measures ANOVA (SPSS® version 11.0; SPSS Inc., Chicago) for the 
night-time samples collected during all three nights of the first sampling occasion 
(April 2003, 21:30-22:30). To test the consistency of the drift patterns found in 2003, 
night-time drift activities were also compared between reaches and sampling years 
using two-way ANOVAs on the drift samples taken just after dark in 2003, 2005 and 
2006. To prevent an unbalanced design and the over-dominance of the data collected 
during the three nights in 2003, only the first sampling night in 2003 was included in 
this analysis. Benthic densities and biomasses of invertebrates were also analysed using 
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two-way ANOVA. After exploratory data analysis, data were transformed  
(log 10, x0.5, or x0.3) where necessary to reduce deviations from normality and 
homoscedasticity. 
3.4 Results 
Predator density 
Benthic densities and biomasses of invertebrate predators (stoneflies and caddisflies) 
were generally similar at the fish and reference reaches (Tables 3-1 and 3-2). The only 
exception was the stonefly Isoperla spp. which was less abundant at the reference reach 
(p = 0.05), even though its biomass was similar at both reaches (see Table 3-2). Except 
for Hydropsyche spp., densities and biomasses of invertebrate predator were also 
similar between the studied years (Table 3-2). In general, invertebrate predator biomass 
was much lower than the biomass of benthivorous fish (Table 3-1). Total fish biomass 
and density per reach fluctuated between years, with relatively low values in 2005. 
Nevertheless, benthic invertebrates were always exposed to a much higher predation 
risk in the fish reach than in the reference reach. 
Composition of invertebrate drift 
Total invertebrate drift densities ranged from 0.9 to 28.4 individuals m-3. Chironomidae 
and Baetis rhodani were the dominant taxa, contributing 63 % and 7 %, respectively, to 
total drift density in both stream reaches (night samples in April 2003, n = 30). Species 
composition in the night drift differed significantly between fish and reference reach 
(ANOSIM, p = 0.04, R = 0.21; April 2003, n = 15). In spite of the relatively high stress 
value (0.17), the NMDS-plot shows this difference between the reaches quite clearly 
(Fig. 3-1). As SIMPER analysis revealed, the differences in species composition were 
mainly caused by oligochaetes (20% of the overall difference), Baetis rhodani (17%), 
chironomids (16.5%), the beetle Hydraena spp. (11%) and the amphipod Gammarus 
pulex (10.3 %). Drift densities of all these taxa (except for oligochaetes) were lower in 
the fish reach than in the reference reach (Figs. 2 and 3). In contrast to the drift data, 
benthic community structure was similar in both reaches (ANOSIM-test, p = 0.56, 
R = 0.03; n = 6). 
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Table 3-1: Biomass (g m-2 fresh mass) and density (individuals m-2) of invertebrate predators and benthivorous fish in the fish and reference 
reaches of the Gauernitzbach (n = 6, means ± standard error for invertebrates). Note that fish densities and biomasses marked by ♦ are 
catches (which were removed) whereas all other fish values represent standing stocks shortly before the drift samplings. 
  Fish reach Reference reach 
 Predator species 2003 2005 2006 2003 2005 2006 
Biomass Isoperla sp. 0.04 ± 0.02 0.07 ± 0.02 0.05 ± 0.03 0.04 ± 0.02 0.04 ± 0.02 0 
 Rhyacophila sp. < 0.01 0.07 ± 0.03 0.02 ± 0.01 < 0.01 0.01 ± 0.01 0 
 Plectrocnemia cospersa (Curtis) 0.29 ± 0.23 < 0.01 0.11 ± 0.09 0.38 ± 0.27 0.04 ± 0.02 0 
 Hydropsyche sp. 0.22 ± 0.08 0.03 ± 0.01 0.12 ± 0.05 0.78 ± 0.44 0.18 ± 0.13 0.04 ± 0.04 
 Gobio gobio L. 10.25 0.39 2.01 0 0 0 
 Barbatula barbatula (L.) 0 0.27 1.32 0 0 0.01♦ 
 Salmo trutta fario L. 0 0.12♦ 0 0 0 0.10♦ 
 Total  10.8 0.95 3.63 1.2 0.27 0.15 
Density Isoperla sp. 22.8 ± 8.1 12.9 ± 6.9 5.7 ± 3.6 5.7 ± 2.8 8.6 ± 4.4 1.5 ± 1.4 
 Rhyacophila sp. 2.9 ± 2.8 < 1.4 19.9 ± 7.2 4.3 ± 2.9 12.8 ± 6.1 19.9 ± 12.6 
 Plectrocnemia cospersa (Curtis) 39.9 ± 24.4 < 1.4 8.6 ± 5.8 10.0 ± 7.1 7.2 ± 3.4 2,9 ± 2,8 
 Hydropsyche sp. 180 ± 14.4 28.5 ± 5.2 42.7 ± 5.4 79.6 ± 12.3 32.7 ± 5.3 34.2 ± 6.7 
 Gobio gobio L. 0.83 0.10 0.15 0 0 0 
 Barbatula barbatula (L.) 0 0.03 0.21 0 0 0.004♦ 
 Salmo trutta fario L. 0 0.006♦ 0 0 0 0.002♦ 
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Table 3-2: Results of two-way ANOVAs to the effects of fish presence and study year on the density and biomass of invertebrate predators in the 
benthos (n = 6). Significant P-values are indicated using bold font. 
   density   biomass 
Species source of variation df ss F P ss F P 
Isoperla sp. Year 2 702.0 2.26 0.12 13.4 1.97 0.16 
 Fish 1 652.3 4.20 0.05 3.1 0.91 0.35 
 Year x fish 2 326.1 1.05 0.36 1.9 0.28 0.76 
 Error 30 4654.3   103.0   
Rhyacophila sp. Year 2 2.44 2.22 0.13 11.26 2.09 0.14 
 Fish 1 0.59 1.08 0.30 3.27 1.21 0.28 
 Year x fish 2 1.76 1.599 0.22 9.51 1.76 0.19 
 Error 30 16.5   80.96   
Plectrocnemia  Year 2 2.19 0.57 0.57 3.57 0.58 0.56 
conspersa Fish 1 0.17 0.09 0.76 0.33 0.11 0.75 
 Year x fish 2 7.65 2.02 0.15 12.18 1.99 0.16 
 Error 30 56.8   91.84   
Hydropsyche sp. Year 2 6.25 6.89 0.003 1046.6 4.69 0.02 
 Fish 1 0.18 0.40 0.53 39.5 0.35 0.56 
 Year x fish 2 0.31 0.34 0.71 115.3 0.52 0.60 
 Error 30 13.6   3348.9   
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Figure 3-1: Nonmetric multi-
dimensional scaling (NMDS) 
showing the species composition of 
the invertebrate drift during three 
consecutive sampling nights in the 
fish and reference reach of 
Gauernitzbach in April 2003 
(abundances, fourth root trans-
formed, Bray-Curtis distances, total 
n = 30). This ordination shows the 
similarity of the community 
structure of different samples. 
Points close together are more 
similar than distant points 
 
Drift and benthic densities 
Total density of drifting invertebrates did not differ significantly between the fish and 
reference reaches (p = 0.12, F = 3.94, repeated-measures ANOVA, Fig. 3-2a), but drift 
density of Baetis rhodani larvae was significantly lower in the presence of 
benthivorous fish during the three consecutive drift sampling nights in April 2003 
(p = 0.003, F = 11.9, Fig. 3-2b). At the same time, benthic densities of Baetis rhodani 
in the reference reach were consistently lower than in the fish reach (31 %, 63 % and 
22 % of the densities in the fish reach in 2003, 2005 and 2006, respectively, Table 3). 
Further, even total benthic densities were similar (in 2003) or lower (in 2005 and 2006) 
in the reference reach (see Table 3-3). The comparison of the drift patterns of B. 
rhodani across different sampling years (Fig. 3-4) confirmed the reduced drift activity 
in the presence of benthivorous fish observed in 2003. In spite of differences between 
years and an interaction between treatment and year, drift activity of B. rhodani was 
significantly lower in the fish reach (Table 3-4). The smallest reduction in drift activity 
occurred in 2005, the year when fish biomass in the fish reach was lowest  
(see Table 3-1).  
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Figure 3-2: Densities 
(means ± SD) of (a) 
total invertebrate drift 
and (b) drift of Baetis 
rhodani larvae during 
the three consecutive 
sampling nights at the 
fish and reference 
reaches of the Gauer-
nitzbach (n=3). 
 
 
 
 
 
 
 
Table 3-3: Results of repeated-measures ANOVA of effects of fish presence on total 
invertebrate drift density and Baetis sp. drift density during the first collection (April 
2003). Significant P-values are indicated using bold font. 
  total drift density Baetis drift density 
source of variation df ss F P ss F P 
Fish 1 10.34 3.94 0.12 0.43 11.9 0.03 
Error 4 10.49   0.14   
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Figure 3-3: Drift densities just after dark (means ± standard error) of those species 
contributing most to the differences in species composition of the drift (chironomids, 
oligochaetes, gammarids and the beetle Hydraena sp.) during the three sampling nights 
of the drift collection in 2003 (n = 9). 
 
Figure 3-4: Drift activity (mean ± standard error) of Baetis rhodani larvae just after 
dark in the fish and reference reaches in 2003 (three nights) and 2005, 2006 (one night 
each, n = 3 per night) 
 
Table 3-4: Densities of Baetis rhodani and total invertebrate density (m-2) at the fish 
and the reference reach of the Gauernitzbach (n = 6, means ± standard error) 
  Invertebrates Baetis rhodani 
2003 Fish 2110 ± 448 1288 ± 154 
 Reference 2190 ± 398 399 ± 128 
2005 Fish 940 ± 272 91 ± 50 
 Reference 763 ± 167 57 ± 18 
2006 Fish 2195 ± 581 135 ± 76 
 Reference 1624 ± 325 30 ± 13 
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Table 3-5: Results of two-way ANOVA of the effects of fish presence and sampling 
year on the drift activity of Baetis sp. during the first night of the drift collection in 
April 2003 and the two following collections in 2005 and 2006. Significant P-values 
are indicated using bold font. 
source of variation df ss F P 
Year 2 0.039 5.88    0.02 
Fish 1 0.046 13.89 < 0.01 
Year x Fish 2 0.034 5.12     0.03 
Error 12 0.040   
 
3.5 Discussion 
The drift behaviour of most of the common macroinvertebrate taxa was controlled by 
fish predation in our large-scale experiment. Although species composition of the 
benthic invertebrate community was similar, we observed significant differences in the 
species composition of the invertebrate drift between the reach with benthivorous fish 
and the fish-free reference reach. Therefore, it is likely that the observed differences in 
drift composition were caused by behavioural changes of the invertebrates, and not by 
differences in the abundance of certain species due to preferential consumption by 
benthivorous fish. Because stream invertebrate species differ in their vulnerability to 
predation (Rader 1997), they may show different behavioural adaptations in the 
presence of predators. Species with flexible drift behaviour and high predation risk may 
change their drift activity while other species may not. By affecting the behaviour of 
some species more than others, predation risk and predation may influence behavioural 
interactions within the macroinvertebrate community and lead to different species 
compositions in the stream drift.  
Huhta et al. (2000) interpreted the nocturnal drift peak of Baetis larvae as a result of 
active escape behaviour after contact with benthivorous fish. In their experiment, alpine 
bullhead (Cottus poecilopus) induced increased night-time drift of Baetis larvae 
compared to fish-free conditions. Our results imply that the “active escape hypothesis” 
proposed by Huhta et al. (2000) cannot be extended to all benthivorous fish species. 
Instead of inducing increased night-time drift in our field experiment, gudgeon and 
stone loach actually reduced the drift activity of Baetis larvae. Since drift density can 
be positively correlated with benthic density (see e.g. Matthaei et al. 1998), the 
decreased drift density in our fish reach could have been caused by a reduction of 
Baetis density in the benthos due to preferential consumption by benthivorous fish. 
However, this was not the case. On the contrary, mean benthic density of Baetis larvae 
in the fish reach was always higher than in the reference reach. 
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The findings from our reach-scale experiment agree with the conclusion of earlier, 
small-scale experiments in stream channels that a high risk of predation leads to a 
reduction of invertebrate drift activity (Peckarsky and McIntosh 1998, McIntosh et al. 
1999) or even of activity in general (Andersson et al. 1986, Muotka et al. 1999; Diehl et 
al. 2000). This conclusion appears to contradict many studies that reported increases of 
invertebrate drift activity in the presence of various vertebrate predators (Culp et al. 
1991, McIntosh and Townsend 1994, Scrimgeour et al. 1994) including benthivorous 
fish (Huhta et al. 2000, Miyasaka and Nakano 2001). However, most of these 
experiments were carried out in laboratory channels under rather artificial conditions or 
at small spatial and short temporal scales (< 1 m2, ≤ 24 h). In most previous field 
experiments, fishless and fish reaches were situated in different streams, and such 
designs allow direct comparisons of diurnal drift patterns but not of drift densities. To 
our knowledge, only two studies allowed direct comparisons of invertebrate drift 
activity in natural streams in relation to different predation risks. In the first of these 
studies, Flecker (1992) experimentally excluded drift-feeding fish from relatively small 
patches of stream bed (10 m2). He found no significant changes in the drift behaviour 
of mayfly larvae. However, this result may have been caused by the high “background” 
concentration of fish odour in the stream and the small experimental units. In the 
second study, McIntosh et al. (1999) added high concentrations of brook trout chemical 
cues to a stream with relatively low densities of (drift-feeding) brook trout and found 
that the drift activity of large Baetis larvae at night decreased immediately after 
addition of the strong trout odour. We think that this second experiment was able to 
simulate the situation in a natural stream quite realistically. The findings of McIntosh et 
al. (1999) and our own experiment show that both drift-feeding and benthivorous fish 
can reduce the drift activity of mobile invertebrate taxa, such as Baetis larvae, in natural 
streams.  
While it obviously makes sense to reduce drift activity in the presence of a drift-feeding 
predator, the question remains why Baetis drift was reduced in the presence of 
benthivorous fish in the present study. We propose that an overall reduction of activity 
(including drifting and feeding) may be a fairly widespread behaviour among 
invertebrates in response to the presence of fish predators, regardless of the preferred 
feeding mode of the fish (see also Andersson et al. 1986, Scrimgeour et al. 1994, Diehl 
et al. 2000). Invertebrate activity might even be reduced to the point of a “freezing 
behaviour”, as has been observed in other aquatic organisms in response to the 
presence of predators, for instance in fathead minnows experimentally exposed to pike 
odour (Chivers et al. 1995). The degree of reduction in invertebrate activity may 
depend on the specific risk represented by each predator species. For example, 
McIntosh and Peckarsky (2004) found in an experiment using drift-feeding fish that 
Baetis bicaudatus reduced drift activity more strongly in the presence of native 
cutthroat trout (the more efficient predator) than in the presence of brook trout (the less 
efficient predator).  
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In contrast to the drift activity of Baetis larvae, total invertebrate drift was not reduced 
significantly at the fish reach during our experiment. Differences in vulnerability to 
predation, mobility or other behavioural adaptations of the different invertebrate taxa 
may have contributed to this result. For instance, chironomids (which were abundant in 
the drift) only showed a slight reduction in drift activity at the fish reach, and 
oligochaete worms even showed no reduction at all. Nevertheless, the tendency for 
total invertebrate drift to be lower in the fish reach paralleled the density patterns 
observed for Baetis larvae. The direction and intensity of changes in the drift activity of 
different invertebrate taxa in response to the presence of benthivorous fish may depend 
on the extent to which these taxa can control their drifting behaviour (i.e. self-induced 
drift versus random or catastrophic drift). 
One might argue that the observed reduction of Baetis drift in our fish reach was more 
pronounced because of the simultaneous presence of vertebrate and invertebrate 
predators. For instance, large larvae of stoneflies and caddisflies have been shown to 
affect the drift behaviour of Baetis larvae (Peckarsky and McIntosh 1998; Huhta et al. 
1999). However, invertebrate predators are unlikely to have contributed much to the 
reduced Baetis drift in our fish reach because biomasses and densities of most 
invertebrate predators were similar in the fish and reference reaches. The only 
exception was the stonefly Isoperla spp. which showed lower density (but not biomass) 
in the reference reach. However, we doubt that Isoperla would have been able to prey 
on Baetis when we collected our drift samples because all samples were collected in 
spring when both taxa had nearly the same size (Isoperla 8.4 ± 2.9 mm, n = 33; Baetis 
6.3 ± 2.6 mm, n = 152; mean ± SD). Consequently, we believe that Isoperla had a 
negligible effect on Baetis drift. 
Somewhat surprisingly, the density of benthic invertebrates tended to be higher in the 
fish reach than in the reference reach. Because all our experimental manipulations 
(building the fish barriers, electric fishing or invertebrate collections) were done in both 
reaches, they were unlikely to have caused this difference. Instead, the different benthic 
densities may have been a consequence of the different drift activities in the two stream 
reaches. We compared total immigration and emigration of Baetis larvae at the fish 
reach during 24 hours on each of our drift sampling years. Because the reference reach 
was situated closely upstream of the fish reach and our drift nets were exposed near the 
downstream end of the 400-m reference reach, drift densities at the bottom at the 
reference reach should represent a reasonable estimate of immigration rates into the 
200-m buffer reach and the 400-m fish reach downstream. In addition, the drift nets 
exposed near the downstream end of the reference reach provide an estimate of 
emigration rates from the fish reach. We first multiplied Baetis drift densities at the 
bottom of the fish reach (emigration) with the total volume of water in the reach, then 
subtracted the resulting product (the total number of drifting larvae) from the 
corresponding product at the bottom of the reference reach (immigration), and finally 
divided the result by the estimated total benthic density of Baetis larvae in the entire 
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buffer reach and the entire fish reach (combined area 600 m length x 1.2 m width). A 
similar estimate was impossible for the reference reach because we exposed no drift 
nets upstream of this reach. However, we assume that immigration and emigration were 
similar at the reference reach because fish density did not change upstream. This 
comparison revealed an estimated net gain of Baetis larvae in the fish reach (+ 0.72 % 
of the benthic density per m2 during 24 h in 2003, + 0.63 % in 2005 and + 0.73% in 
2006). Extrapolating this daily gain to several weeks or months would result in 
considerably increased benthic densities. This net immigration may mask the loss of 
invertebrates due to fish consumption even in our reach-scale experiment.  
Our study design had three potential problems. Firstly, we had intended to use similar 
fish biomasses every year but natural losses due to escaped fish and bird predation 
prevented this. Fish biomass is likely to have affected invertebrate drift density because 
the factor year caused significant differences in our analysis and drift activity in the fish 
reach was highest in 2005 when fish biomass was lowest. Nevertheless, our analysis 
still detected significant differences between the reference and fish reaches. 
Consequently, the increased variance caused by the differences in fish biomass between 
the years did not prevent our experiment from showing clear results, indicating that the 
observed effects were quite strong. Secondly, we stocked stone loach in addition to 
gudgeon during the second and third years of our study. We did this because we had 
observed during the first year that gudgeon alone had relatively weak effects on total 
benthic density and community structure (even through Baetis was affected quite 
clearly). Therefore, we added stone loach to enhance predation pressure. Because both 
species are nocturnal, insectivorous bottom-feeders (Bourdeyron and Buisson 1982; 
Michel and Oberdorff 1995; Fischer 2004), we do not believe that this change to our 
fish stocking regime resulted in fundamental changes of drift control mechanisms 
between the first year of our study and the final two years. Finally, our experiment was 
unreplicated at the reach scale due to logistic constraints; therefore, the results have to 
be interpreted with caution. Nevertheless, the sampling schedule spanned a period of 
three years, and Baetis drift activity was consistently lower in the fish reach in all 
sampling years, in spite of significant differences between years and a statistical 
interaction of fish treatment and year. Thus, predation by benthivorous fish appears to 
have the potential to cause lasting changes in the behaviour of stream invertebrates 
under natural conditions, and to reduce drift rates of more mobile benthic invertebrates 
at the reach scale. These findings add a new piece to the puzzle of our knowledge about 
the complex effects of fish predators on their invertebrate prey in streams. 
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4 Importance of lethal and sublethal effects on the survival of 
macroinvertebrate populations  
4.1. Effects of benthivorous fish on density and energy storage 
components of grazing mayfly Rhithrogena semicolorata and 
shredding amphipod Gammarus pulex 
 
The results of this part are published in: Winkelmann, C., Worischka, S., Koop, J.H.E. 
and Benndorf, J. (2007): Predation effects of benthivorous fish on grazing and 
shredding macroinvertebrates in a detritus-based stream food web. Limnologica, 
37:121-128. 
 
4.1.1 Abstract 
We investigated lethal and sublethal predation effects of the benthivorous gudgeon 
(Gobio gobio) on the grazing mayfly Rhithrogena semicolorata and the shredding 
amphipod Gammarus pulex over 21 months in a largely detritus-based small stream. 
We hypothesised that shredders are generally less vulnerable to fish predation and 
therefore less likely to be predation-controlled than grazers, because the latter are 
visible to the predators during their feeding on stone surfaces, while shredders may 
hide between leaves during foraging. 
The hypothesis was tested in two 400 m experimental reaches of a natural stream, 
which were manipulated in order to contain and to lack fish, respectively. Biomass of 
G. pulex was significantly reduced in the fish section while that of R. semicolorata was 
not. Since approximately 91 % of the annual production of G. pulex but only 12 % of 
R. semicolorata production was consumed by gudgeon, the observed biomass 
difference of G. pulex is likely due to a lethal predation effect. However, no sublethal 
predation effects such as reduced concentration of storage components (triglycerides, 
glycogen) or reduced reproductive success were observed for both species. Lower mean 
body length of the R. semicolorata larvae in the fish section did not result in a lower 
number of eggs in the abdomen of the last instar larvae. Hence, in contrast to our initial 
hypothesis, in the studied stream the shredder was top-down-controlled, while the 
grazer was not. It is concluded that top-down control depends on the ecological 
characteristics of a specific predator-prey pair rather than on trophic guild of the prey. 
4.1.2 Introduction 
Various experiments have been conducted in order to investigate the importance of 
predator-prey interactions in stream food webs, which resulted in different findings. 
Some studies showed strong and cascading top-down effects of fish predation (Kishi et 
al. 2005, Rosenfeld, 2000, Wooster and Sih 1995), while others found no such 
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interactions (Caudill and Peckarsky 2003, Culp, 1986, Reice 1991). One of the possible 
factors responsible for this variability may consist in differing vulnerability of the 
invertebrate prey, depending on their functional feeding group. Predation effects in 
detritus-based food chains are expected to be lower since invertebrate shredders are 
considered to be generally less vulnerable to predators (Rosenfeld 2000). This 
assumption originates from mesocosm experiments with artificial substrates and the 
observation that grazing invertebrates moving on the stone surface to scrap periphyton 
are more visible to predators than shredders which hide and feed between leaves or in 
interstitial spaces. In fact, most field experiments investigating predator impact on 
stream food webs dealt with grazers (mostly mayflies) and their impact on periphyton 
biomass. Trophic cascades were shown regularly in mesocosm experiments (Bechara & 
Moreau 1991, Dahl 1998b, Diehl et al. 2000, Kishi et al. 2005, Power 1990) and in 
large scale approaches (Huryn 1998, McIntosh et al. 2004). In contrast, only few field 
studies dealt with shredders abundances and their effect on leaf litter processing. 
Evidence for trophic cascades could only recently be provided in mesocosm 
experiments (Greig and McIntosh 2006, Konishi et al. 2001, Ruetz et al. 2002). 
Different strength of fish predation in detritus-based and primary production-based 
food chains comes to be important for the understanding of stream food webs. Thus, we 
hypothesised in our study that invertebrate grazers are more vulnerable to lethal and 
sublethal effects of fish predation than invertebrate shredders. This hypothesis was 
tested by comparing the population dynamics and physiological parameters of the 
grazer Rhithrogena semicolorata (Ephemeroptera: Heptageniidae) and the shredder 
Gammarus pulex (Crustacea: Amphipoda), which are two common and abundant 
representatives of their functional feeding groups in Central European streams.  
In order to estimate lethal effects, we monitored the biomass and production of the two 
prey organisms and their consumption by the fish predator. To detect sublethal effects 
on the physiological level, we estimated the status of biochemical compounds serving 
to the storage of energy (glycogen and triglycerides), and the reproductive success of 
the two prey species. Hereby, we assumed that predator avoidance behaviour would 
lead to a decrease in food intake or an increase of energy consumption, which should 
be detectable as a decrease in the energy storage components (Winkelmann and Koop, 
2007). This effect should be observed much earlier than changes in population 
abundance caused by the combination of lethal and sublethal predation effects.  
4.1.3 Methods 
Experimental design 
We conducted a field experiment in a detritus-based second order stream which was 
experimentally divided. The effects of a benthivorous fish (Gobio gobio) on shredding 
and grazing macroinvertebrates were measured by comparing an upper fishless 
reference stretch with a lower fish-stocked experimental stretch over a period of 21 
month from January 2003.  
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The experimental stream was divided into three consecutive reaches (400 m, 200 m, 
and 400 m long) by creating fish barriers made of high-grade steel mesh (5 mm mesh 
size). The lowest section was used as the experimental reach, the middle one as a buffer 
reach, and the uppermost section as the fish-free reference reach. All sections at first 
were made fish-free by two electrofishing campaigns (EFGI 650, Bretschneider 
Spezialelektronik, Germany) before the lower two sections were stocked with gudgeon 
in march 2003. During the following two years, fish abundance in all reaches was 
regularly controlled by electrofishing and kept on a similar level by restocking with 
gudgeon (Table 4-1). Losses were mainly due to predation by grey herons, winter 
mortality, sampling, and occasional emigration during floods. Fish biomass in the 
experimental reach was 3.5 g m-2 in 2003 and 3.8 g m-2 in 2004 (temporally weighted 
average, linear interpolation) and only for three short periods exceeded 10 g m-2 
immediately after stocking. To ensure that it did not receive fish odours (kairomones), 
the whole section upstream of the reference reach suitable for fish (ca. 0.5 km) was also 
made fish-free in March 2003 and electrofished five times during the following two 
years. The remaining mean fish biomass in the reference reach (0.08 g m-2) was much 
lower than the experimentally enhanced biomass in the fish reach. Invertebrates were 
prevented from drifting from the reference site directly into the experimental stretch by 
the 200 m buffer reach. We assumed that this distance was sufficient to prevent direct 
drift travel because drift distances are known to be relatively short (Elliott 2002). 
Table 4-1: Biomass of gudgeon in the fish reach, and total remaining fish biomass in 
the reference reach. Values in the rows “biomass” refer to the individuals caught during 
electrofishing. All caught fish were released in the fish reach but were removed from 
the reference reach. Values in the row “stocking” are additional stocked fish to stabilise 
fish biomass.  
 Fish reach Reference reach 
 Biomass g m-2 Stocking g m-2 Biomass g m-2 (removed) 
02.04.03  10.9 0 
26.05.03 4.8   
21.08.03 1.7  0.2 
12.11.03  8.0  
28.04.04 0.4 5.7  
26.05.04 1.7  0 
11.06.04 4.2 2.9 0.2 
08.07.04 2.8   
05.08.04 0.5 3.6 0.7 
17.08.04  17.2  
01.09.04 10.3   
 
 43
Field sampling for physiological analysis was conducted bi-weekly, and weekly in 
April and May 2004. On each sampling occasion 30-40 individuals of R. semicolorata 
and G. pulex, respectively, were collected and transported immediately to the 
laboratory in a cool box at 4°C. For measuring abundances and biomasses every 28 
days 3 Surber samples (0.1 m2, 500 μm meshes) were taken in a randomly chosen riffle 
within the experimental and the reference stretch. Afterwards, 3 randomly chosen 
stones of an undisturbed area of the sampled riffle were collected for estimates of algal 
biomass. 
Study site 
The field experiment was carried out in a small second order mountain stream 
(Gauernitzbach, length 4.6 km), which joins the River Elbe approximately 15 km 
downstream of the city of Dresden (Saxony, Germany). The catchment area is 
dominated by agriculture. In the lower section, where the study was conducted, the 
stream flows through a deciduous woodland valley (mainly alder, maple and oak trees) 
and receives considerable amounts of terrestrial detritus. In the sampling reaches the 
stream has a mean width of 1.2 m and a mean discharge of 40.3 ± 40.6 L s-1 
(mean ± SD, n = 46). Water temperature ranges between 0 and 18°C, with highest 
values measured in August 2003. Other environmental factors did not show strong 
seasonal trends (means ± SD 2003-2004: pH 8.3 ± 0.22, n = 40; electrical conductivity 
913 ± 52 μS cm-1, n=46; oxygen saturation 98% ± 13%, n = 41).  
Laboratory Analysis 
Benthos samples were rinsed over a 500 µm sieve and stored in 80 % ethanol. Later, all 
animals were sorted under a dissecting microscope, identified to the lowest possible 
taxonomic level, counted and measured to the nearest 0.1 mm. Biomass was calculated 
as dry mass using length-weight relationships (Meyer 1989). To estimate reproductive 
success egg numbers were determined in the last instar larvae of R. semicolorata 
(detectable by dark wing pads) sampled on two occasions in May shortly before 
emergence from both reaches. For this, all eggs were removed from the abdomen. A 
homogeneous suspension was obtained by applicating short ultrasonic pulses. After 
filtering this suspension at least 3/8 of the eggs were counted under a dissecting 
microscope. To measure food supply for G. pulex the coarse organic matter of the 
benthos samples (>5 mm, without large sticks) was dried at room temperature for 48 h 
and then weighed. The food supply for R. semicolorata was measured as the ash free 
dry mass (AFDM) of biofilm (Hauer and Lamberti 1996). Physiological analyses for 
concentrations of storage fat (triacylglycerides) and glycogen were performed as 
described for R. semicolorata in Winkelmann and Koop (2007). The daily food ration 
of gudgeon was estimated during one 24 hours fish sampling in April 2004 from the 
relative foregut contents of 10 fish every 4 h (mg g-1 body weight) and a laboratory-
obtained evacuation rate following the method of Elliott and Persson (1978). The 
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percentage of R. semicolorata and G. pulex in the fish diet was estimated for 
7 sampling dates during 2004 by means of foregut contents analysis. Guts were 
removed and frozen immediately after sampling. Biomasses of prey organisms were 
obtained by measuring the length of the whole body and head capsules and calculating 
dry mass using own and published length-weight relationships (Meyer 1989). 
Data analysis 
Differences of biomass and energy storage components between the reaches were 
tested using a paired t-test for the means on each sampling date. Biomass data were 
log-transformed to achieve normal distribution. Since no normal distribution could be 
obtained for food pools, differences between the reaches were compared using a paired 
Mann-Whitney-U-test. To compare the predator effect between the two guilds, 
predation impact index (PI) was calculated following Rosenfeld (2000) as the natural 
logarithm of the ratio of prey densities in the fish reach to prey densities in the 
reference reach (PI = NP/NC). For this purpose only those taxa were selected which 
showed clear food preference (classed into the respective guild with more than 50%, 
Schmedtje and Colling 1996) and comprised an important biomass proportion of the 
guild in question (>1 % of guild biomass). The sublethal predation and bottom-up 
responses were tested with a paired t-test for every sampling date and the resulting p-
values were corrected for repeated testing (Bonferroni-correction). 
The annual production of R. semicolorata and G. pulex was estimated using a model 
approach to obtain temperature and size specific growth rates and the monthly 
monitored benthic biomasses (Morin and Dumont 1994). The average error factor of 
the production estimations used here is given by Morin and Dumont (1994) for 
different efforts of biomass sampling and the number of summed components. 
R. semicolorata almost exclusively colonised riffle habitats (biomass pool/riffle  
0.03 ± 0.001, mean ± standard error, n = 8). The proportion of riffles to pool areas 
varied over the two year study period due to several floods but estimated over the time 
made up about half of the stream area. Thus the annual production calculated by the 
biomasses and size distribution of the riffle habitats was divided by two for comparison 
with annual consumption. Biomass of G. pulex tended to be higher in the pool habitats 
but showed high seasonal variability (pool/riffle 4.8 ± 2.2, mean ± standard error, 
n = 11). Therefore the calculated annual production was not corrected. However, it is 
probably underestimated. 
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Consumption of G. pulex and R. semicolorata by gudgeon (Ci, mg dry mass m-2 a-1) in 
2004 was estimated as follows:  
 ∑
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=
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1
,, )(       (1)  
with 
Cd,i :  daily ration of gudgeon for the prey item i in g g-1 d-1 (Elliott and Persson 1978) 
B:  average fish biomass in 2004 in g m-2 
Pk,i : proportion of i in the fish diet during time segment k 
tk: length of the time segment k (days) 
k : number of time segments 
The daily ration of gudgeon was calculated as dry mass proportion by using wet 
weight-dry weight correlations obtained from the experimental stream. The percentage 
of R. semicolorata and G. pulex in the fish diet was applied to the time segment 
between the half distance to the preceding and the following sampling date or, for the 
first and last date, including the first and last day of the year, respectively. The 
temperature dependence of food consumption was taken into account by correcting 
daily ration (as estimated at 12°C) for every month with an assumed Q10 of 2.3 (Rankin 
and Jensen, 1993) which we consider as a reasonable value for gudgeon. The 
coefficient of variation (CV) of mean annual consumption contains the CV of mean 
annual fish biomass and the CV of the mean daily food ration. The latter was estimated 
using a bootstrap approach (Venables and Ripley, 2003). Electivity index D was 
calculated according to Jacobs (1974) from the foregut contents and benthic biomasses: 
rppr
prD
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−
=            (2) 
with 
r fraction of food item in the diet 
p  fraction of food item in the environment. 
 
4.1.4 Results 
Lethal predation effects 
Mean biomass of all shredders was significantly higher in the reference reach than in 
the fish reach (paired t-test, p = 0.026, n = 23, Fig. 4-1 a). G. pulex was the most 
common shredder in this stream and showed also a higher biomass in the reference 
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stretch (paired t-test, p = 0.046, n = 23, Fig. 4-1 c). In contrast, mean biomass of all 
grazers was significantly lower in the reference reach than in the fish section (paired t-
test, p = 0.004, n = 23, Fig. 4-1 b). R. semicolorata was the most important grazer in the 
studied system and the biomass of R. semicolorata differed between the reaches like 
total grazer biomass did (paired t-test, p < 0.002, n = 23, Fig. 4-1 d). 
 
Figure 4-1: Biomass of shredders (a), grazers (b), the shredder Gammarus pulex (c), 
and the grazer Rhithrogena semicolorata (d) in the fish and reference reach of the 
Gauernitzbach 2003 and 2004 (means and standard error, n = 3). Reference reach: open 
symbols, fish reach: black symbols. 
 
Predation rate by benthivorous gudgeon differed for the studied species, as revealed by 
gut content analyses of gudgeon. G. pulex was always found in the gudgeon guts. Its 
proportion in total gut content ranged between 2.4 % in May 2004 and 29.3 % in 
August 2004 (2004: 18.1 % ± 11.0 %, mean ± standard error, n = 7). R. semicolorata 
occurred in the guts only in April and May 2003, when larvae were relatively large 
(14.6 % and 12.7 %, respectively). The annual mean, therefore, was much lower than 
for G. pulex (2.9 % ± 5.9 %, mean ± standard error, n = 7). The mean electivity index 
of gudgeon (Jacobs, 1974) was 0.1 for G. pulex and –0.95 for R. semicolorata  
(max. -0.08 in spring) showing almost opportunistic feeding on G. pulex but negative 
selection of R. semicolorata larvae. 
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Figure 4-2: Mean annual biomass production of Rhithrogena semicolorata and 
Gammarus pulex in the fish and reference reach (bars indicate error estimation as in 
Morin & Dumont, 1994) and the annual prey consumption of gudgeon (± variation 
coefficient) in the fish stretch in 2004. Reference reach: open bars, fish reach: black 
bars. 
 
Gudgeon consumed a distinct proportion of annual production of G. pulex (91 %), but 
only a much smaller part of the annual production of R. semicolorata (12 %, Fig. 4-2; 
percentages calculated from invertebrate production measured in the fish section).  
The predation impact (PI) revealed no dependence of the intensity of predation on the 
preferred foraging strategy of the invertebrates (Fig. 4-3), since PI was positive for 
some shredder species, but not for others.  
 
Figure 4-3: Mean predation impact 
index (PI) over the observation 
period (± standard error, n = 23) for 
the most common grazer and 
shredder species in the 
Gauernitzbach. Grazers: black bars, 
Shredders: open bars. 
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Sublethal predation effects 
Triglyceride and glycogen concentrations of G. pulex showed no consistent differences 
between the fish and reference reaches (paired t-test, triglycerides: p = 0.72, n = 33, 
glycogen: p = 0.74, n = 41, Fig. 4-4 a, b). Food supply measured as CPOM was similar 
in both reaches, too (p = 0.73, n = 19, paired Mann-Whitney-U test, Fig. 4-4 c). 
Individual growth was not synchronized in G. pulex. Therefore, it was not possible to 
compare size at maturity between the two reaches. To estimate reproductive success, 
the abundances of juvenile G. pulex (individuals < 3 mm body length) were compared, 
but there was no difference between the two reaches (paired t-test, p = 0.61, n = 23). 
Also the concentration of the two energy storage components triglycerides and 
glycogen of R. semicolorata larvae did not show any differences between the fish and 
the reference stretch (paired t-test, triglycerides: p = 0.47, n = 29; glycogen: p = 0.47, 
n = 29, Fig. 4-5 a, b). Food supply measured as ash-free dry mass of biofilm did not 
differ between the two stretches (p = 0.39, n = 33, paired Mann-Whitney-U test, Fig. 4-
5 c). As larval development was highly synchronic in the case of R. semicolorata, body 
growth and size at maturity were compared between the stretches. The mean body 
length at each sampling date was significantly higher in the reference than in the fish 
section (paired t-test, p = 0.02, n = 16, Fig. 4-6). However, the individual egg number 
of the last instar larvae did not differ between the stretches (Welch test, p = 0.21, 
reference: 1424 ± 356, n = 14, fish: 1529 ± 420, n = 20, mean ± standard deviation). 
 
 49
 
Figure 4-4: The concentration of the energy storage components glycogen and 
triglycerides (mean ± standard error, n >3) in the tissue of Gammarus pulex, and the 
dry mass of leaf litter on the sediment surface (mean ± standard error, n = 3) in 2003 
and 2004 in the fish and reference stretch. Reference reach: open symbols, fish reach: 
black symbols. 
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Figure 4-5: The concentration of the energy storage components glycogen and 
triglycerides (mean ± standard error, n >3) in the tissue of Rhithrogena semicolorata, 
and the ash free dry mass of biofilm (mean ± standard error, n = 3) in 2003 and 2004 in 
the fish and reference stretch. The arrows indicate the start of the emergence period. 
Reference reach: open symbols, fish reach: black symbols. 
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Figure 4-6: Mean body length (± standard error, n > 6) of Rhithrogena semicolorata 
larvae in the reference reach (open symbols) and the fish reach (black symbols). The 
arrows indicate the start of the emergence period.  
4.1.5 Discussion 
The hypothesis that detritus-based food chains are less likely to be top down-controlled 
(based on Rosenfeld 2000) could not be supported. We found that shredders inhabiting 
leaf litter such as Gammarus pulex are not necessarily less affected by fish predation 
than mayfly grazers foraging on stone surfaces. On the contrary, predation pressure on 
grazing Rhithrogena semicolorata was not detectable, while gudgeon affected G. pulex 
biomass. Additionally, prey vulnerability seemed to be independent of the functional 
feeding group. In spite of the relatively intensive predation of gudgeon on G. pulex, the 
shredder Nemoura sp. showed no predation effect at all (Fig. 4-3). Further, no trophic 
cascade could be observed in the stream since no differences in the amount of algae or 
organic matter were detectable between the reference and the fish stretches. 
From our initial hypotheses, only the lethal effects of fish on shredders were supported, 
as observed in G. pulex. Gudgeon used a relatively large proportion of the annual 
production of G. pulex (< 90 %) and therefore probably accounts for the lower mean 
biomass of G. pulex observed in the fish reach compared to the reference reach. 
For R. semicolorata, on the other hand, no predation effect was detectable in this 
experiment. Biomass was even higher in the fish reach. The relatively low proportion 
of annual production that was consumed by gudgeon supports this result. There are two 
possible explanations for the low consumption of R. semicolorata which could occur 
simultaneously: (1) low predator-prey encounter rates because of low habitat overlap, 
or (2) efficient predator avoidance strategies of R. semicolorata such as synchronized 
larval development, timing of feeding activity or reduced visibility to the predator. 
We did not found any evidence in the present study for the hypothesis that specific 
feeding guilds have a different risk to be top-down controlled by benthivorous fish as 
assumed by Rosenfeld (2000). Based on our results, it is more likely that vulnerability 
of the prey is specific for every predator-prey pair. Predator impact should depend on 
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factors determining the feeding rate of the predator such as habitat overlap and 
encounter rate. Those species suffering high mortality per unit production by having a 
high rate of encounter with predators and/or lacking effective avoidance strategies are 
likely to be predation controlled. This seems to be the case for the pair G. 
pulex ~ gudgeon, since both species live in pool habitats (Erös et al. 2003; own 
observations) and large prey individuals are available through all seasons. For R. 
semicolorata on the other hand, habitat overlap is much smaller because it prefers riffle 
habitats. Further, large individuals are available only during April and May since 
individual growth is highly synchronised. Thus, in general, detritus based food chains 
are not a priori less likely to be top-down controlled since the biomass of common and 
important detritivores as amphipods can be significantly influenced by predation (Dahl 
1998a, Konishi et al. 2001, McIntosh et al. 2005; this study). 
Besides the lethal predation impact, we hypothesised a predator-induced reduction of 
the energy storages in the prey organisms due to reduced activity and increased use of 
refuges (McIntosh and Townsend, 1996, Power 1992) in the presence of predators. This 
effect may lead to lower food intake. A lower energy amount available for growth and 
reproduction should reduce size at maturity and fecundity through an energy allocation 
trade-off. This should be detectable to measure at least in R. semicolorata, because of 
the synchronic larval development and the well defined point of maturity (emergence). 
However, no reduction of energy storages could be shown as the unchanged contents of 
triglyceride and glycogen in the two species revealed for both the reference and the fish 
stretch. Nevertheless, individuals of R. semicolorata reached a higher mean body 
length in the reference section especially prior to emergence. Demographic models 
suggest that sublethal predation effects can have an even larger impact on population 
dynamics than predator consumption for species in which body size at maturity 
influences fecundity, as in mayflies (McPeek and Peckarsky 1998). A general 
relationship between female body size and fecundity is assumed (Bondurianski and 
Brooks 1999, Honec 1993). Further, reduced size at emergence in the presence of fish 
has been shown for mayflies both in small scale experiments (Dahl and Peckarsky, 
2003, Peckarsky et al. 2001) and whole system approaches (Peckarsky et al. 2002). 
Thus, a demographic effect such as reduced abundances in the second generation seems 
to be likely. However, the reduced body length of R. semicolorata larvae in the fish 
reach did not translate into a lower individual egg numbers, as frequently assumed in 
former studies (Dahl and Peckarsky 2003, Peckarsky, et al. 2002; Peckarsky et al. 
2001). We conclude that reduced size of maturity of mayflies does not always mean 
reduced reproduction success and therefore cannot generally be interpreted as a 
sublethal predation effect. 
One may criticise that two experimental conditions of our approach could have 
constrained the response of the prey organisms to predation and/or the detection of this 
response: (1) a too low fish density, and (2) the lacking replication. Average gudgeon 
biomass in our experimental reach (3.5 –3.8 g wet weight m-2) and even maximum 
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biomass immediately after restocking (17 g wet weight m-2) were lower than in most 
enclosure experiments with other benthivorous fish species (Dahl 1998a: 44 g wet 
weight m-2; Rosenfeld 2000: 4-19 g wet weight m-2). Although there are no data 
available on natural densities of gudgeon, the experimental densities chosen in the 
presented study (mean 0.5, maximum 1.4 fish m-2) were well within the range observed 
for other benthivorous fish (Fairchild and Holomuzki 2005: 0.3-1 sculpin m-2). Thus, 
regarding or argument (1) we conclude that the fish biomass in this study was closer to 
natural densities than to enclosure studies cited above. With respect to argument (2) it 
is obvious that this study was not replicated on the reach scale. However, we decided 
that work on a larger spatial and temporal scale was a more important task than 
replication, when approaching the question of possible top down-control of benthic 
communities.  
The overall conclusion can be drawn that detritus based food chains can be controlled 
by fish predation equally strong as primary production based food chains. The intensity 
of the predation effects on single prey species is likely to depend on the species specific 
fish predation rate rather than on a particular feeding mode of the prey. 
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4.2 Effects of benthivorous fish on larval development and 
population fitness of the mayfly Rhithrogena semicolorata 
The results of this part are going to be published in: Hellmann, C., Winkelmann, C., 
Worischka, S. and Benndorf, J. (submitted to the Jounal of the North American 
Benthological Society): Consumptive mortality, not modified life history, explains the 
response of a grazer population to benthivorous fish. 
4.2.1 Abstract 
To assess the impact of fish predators on a mayfly population, life history changes and 
larval mortality of prey were studied in two reach-scale experiments spanning two 
years each. For that purpose, an experimental reach with benthivorous fish was 
compared with a fishless reference reach. In a first experiment the pool-dwelling 
gudgeon (Gobio gobio, Cyprinidae) was used to test conceivable infochemical effects 
on riffle-dwelling larvae of Rhithrogena semicolorata (Ephemeroptera, Heptageniidae). 
In a second experiment the riffle-dwelling stone loach (Barbatula barbatula, Cobitidae) 
was stocked additionally to gudgeon to investigate direct predation effects. While the 
stone loach consumed a high amount of the mayfly production shortly before the 
emergence (April) the low consumption of gudgeon did not lead to lethal predation 
effects on mayfly larvae. In the presence of gudgeon only (mainly infochemical impact) 
the larvae did not change their growth or time of emergence. Adult size and fecundity, 
and consequently also the average fitness of the population (eggs m-2 y-1) were not 
reduced. The second experiment with two benthivorous fishes (infochemical plus direct 
predation impact) showed that lethal effects had a stronger impact on the  
R. semicolorata population than sublethal effects. Although the larvae grew more 
slowly in the fish reach than in the reference reach, adults of R. semicolorata reached 
the same size and fecundity, because they emerged later. However, the longer time 
spent in the stream resulted in a higher mortality. Therefore, average fitness of the 
population was reduced under direct predation pressure. We conclude that direct 
predation mortality by benthivorous fish, not life history changes induced by any fish-
related chemical cues, influenced the development of the mayfly population. 
4.2.2 Introduction 
Lethal impact of predation is an important factor structuring stream ecosystems (Allan 
1982, Flecker 1984, McIntosh and Townsend 1996, Nyström et al. 2003). However, 
demographic models suggest that sublethal predation effects can be more important for 
the survival of prey populations than lethal effects if, as in mayflies, the size of adults 
and fecundity are correlated (McPeek and Peckarsky 1998). The relative importance of 
lethal and sublethal predation effects has not been experimentally assessed in natural 
streams until now. Only the combined measurement of sublethal and lethal effects can 
show the benefit of predator avoidance behavior and life history changes and its fitness 
consequences for the development of prey populations. The question remains, whether 
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sublethal effects or else the consumption by predators exert the stronger effect on prey 
population. A variety of sublethal predation effects on stream insects has been 
observed. Some fish species can alter prey behavior by inducing flight and higher drift 
activity (Forrester 1994, Tikkanen et al. 1994, 1996, Peckarsky 1996, Huhta et al. 
2000) or by decreasing mobility and exposition to predators (Power 1992, Muotka et al. 
1999, McIntosh and Peckarsky 1999, 2004, Vance-Chalcraft et al. 2004). Increased 
drift as well as reduced activity are expected to reduce feeding activity and thereby 
energy intake (Malmqvist 1992, Peckarsky et al. 1993, Scrimgeour and Culp 1994, 
McIntosh and Townsend 1994, Peckarsky 1996, Koperski 1997). This may reduce 
energy reserves for growth and reproduction (Briegel 1990, Peckarsky et al. 1993, 
Cavaletto et al. 2003). Negative fitness consequences of predation are reported from 
mesocosm experiments (Baetis spp.: Peckarsky et al. 1993, Scrimgeour and Culp 1994, 
Peckarsky and McIntosh 1998, Peckarsky et al. 2001) and from large-scale 
investigations (Baetis sp.: Peckarsky et al. 2002; Drunella sp.: Dahl and Peckarsky 
2002). As a consequence, whole life history can be changed in the presence of 
predators. A delay of emergence has been observed because of slow larval growth and 
development (Scrimgeour and Culp 1994, Peckarsky and McIntosh 1998, Tseng 2003). 
In one of the experiments this delay enabled the individuals to reach the same size and 
fecundity like larvae from fishless experimental units (Tseng 2003). In the other 
studies, individuals emerged smaller and with lower fecundity (Scrimgeour and Culp 
1994, Peckarsky and McIntosh 1998). Contrary, there are experiments showing a 
shorter development time indicating acceleration of larval maturation (Peckarsky et al. 
2001). These different findings are assumed to be different realizations of the trade-off 
between maximizing the reproduction effort (being as large as possible at emergence) 
and minimizing the mortality due to predatory consumption (shortening the larval 
period). Any particular realization of this trade-off depends, besides food availability 
and competition, on the particular predator regime. 
All these sublethal effects are ultimately caused by the predator. However, they can be 
mediated quite differently either by direct encounter with the predator or by chemical 
cues released by the predator (Williams and Moore 1985, Holomuzki and Hatchett 
1994, McIntosh and Peckarsky 1996, Miyasaka and Nakano 2001, Peckarsky et al. 
2002, McIntosh and Peckarsky 2004). We intended to assess the relative importance of 
(1) lethal effects of predation, (2) sublethal effects mediated by direct encounter with 
the predator, and (3) sublethal effects mediated by fish kairomones. To differentiate 
between these three effects, we investigated the response of a keystone grazer 
(Rhithrogena semicolorata, Ephemeroptera) to different fish predator regimes in a 
reach-scale field experiment in a small stream. The mayfly larvae inhabiting fast 
flowing stream sections (riffles) are potential prey organisms for benthivorous fish 
because of their high density and large size in spring and their way of feeding which is 
characterized by grazing on exposed stone surfaces. In a first experiment the effects of 
fish infochemicals were analyzed using the benthivorous gudgeon (Gobio gobio, 
Cyprinidae). As gudgeon prefers the pool habitat and feeds almost exclusively on pool-
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dwelling prey it should not exert any direct lethal or sublethal predation effect on riffle-
dwelling R. semicolorata (Winkelmann et al. 2007a). Thus, the only conceivable 
effects could be mediated by chemical cues released by gudgeon in pools and washed 
out into the riffles. In a second experiment the combined effect of infochemicals and 
direct encounter of predator and prey was studied using gudgeon and stone loach 
(Barbatula barbatula, Cobitidae). Unlike gudgeon, riffle-dwelling stone loach is 
expected to exert strong predation pressure additionally to potential infochemical 
effects. 
As working under artificial conditions reduces the transferability of the results to 
natural ecosystems (Petersen and Hastings 2001, Petersen and Englund 2005), 
especially when observing the effects on the population level, we decided to conduct a 
reach-scale field experiment. In a two-year experiment each we recorded growth, time 
of larval development, adult size, female fecundity, and mortality of R. semicolorata in 
the presence of gudgeon (infochemical experiment) and in the presence of two 
benthivorous fishes gudgeon and stone loach (direct predation experiment) in 
comparison to a fishless upstream reference reach. 
4.2.3 Methods 
Study site and organisms 
The field experiments were conducted in a small second order mountain stream 
(Gauernitzbach) draining into the river Elbe about 15 km downstream of Dresden 
(Saxony, Germany, 51°06’N, 13°32’E). The catchment area of 400 ha is influenced by 
agriculture. The stream has a length of 4.6 km and runs through a wooded upland 
valley (Alnus glutinosa, Fraxinus excelsior, Fagus sylvatica, Acer platanoides, 
Quercus robur). At the experimental reaches the stream had a mean width of 1.2 m and 
an average discharge of 34 ± 39 L s-1 (mean ± SD 2003-2006, n = 86). The water 
temperature ranges between 0 and 18°C with the highest values in August and an 
annual mean of 8.4 ± 4.9°C (mean ± SD 2003-2006, n = 88). Other environmental 
factors do not fluctuate seasonally (means ± SD 2003-2006: pH 8.4 ± 0.3, n = 75; 
electrical conductivity 896 ± 52 µS cm-1, n = 83; oxygen saturation 97 ± 15%, n = 69). 
Rhithrogena semicolorata is an univoltine stream-dwelling mayfly with a highly 
synchronised life cycle. The larvae grow rather slowly after hatching (autumn, winter) 
and accelerate their growth during a short time span in spring until adults emerge in 
May (Winkelmann and Koop 2007). During spring, R. semicolorata is the most 
abundant mayfly next to Baetis spp. and the most abundant grazer in the studied system 
(Winkelmann et al. 2007a). 
The two small benthivorous fishes gudgeon (Gobio gobio, Cyprinidae) and stone loach 
(Barbatula barbatula, Cobitidae) are inhabiting different stream sections. While 
gudgeon is mostly dwelling pool sections (Erös et al. 2003, Winkelmann et al. 2007a), 
stone loach prefers riffle sections (Mastrorillo et al. 1996, Watkins et al. 1997, Erös et 
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al. 2003, own observations). This habitat choice is also reflected in the prey organisms 
we have found in the fish guts. The main food source of gudgeon were pool dwelling 
organisms like chironomids and gammarids (Winkelmann et al. 2007a), but stone loach 
guts additionally contained much riffle-dwelling organisms like mayfly larvae, 
particularly in spring (S. Worischka, Dresden University of Technology, Institute of 
Hydrobiology, unpublished data). 
Experimental design 
The two experiments spanned two years each (March 2003 - October 2004 and 
November 2004 - October 2006). The experimental stream was divided into three 
sections separated by grids of high-grade steel (5 mm mesh size). The lower, 400-m-
long section was stocked with benthivorous fish (fish reach). To differentiate between 
infochemical and predation effects there were differences in fish stocking between the 
experimental periods 2003/2004 and 2005/2006. While only gudgeon was stocked in 
2003 and 2004 (infochemical experiment), gudgeon and stone loach were used in the 
fish reach in 2005 and 2006 (direct predation experiment). Mean fish densities  
(0.3 – 0.5 fish m-2, Table 1) were similar to natural densities of small benthivorous fish 
species reported from Europe and North America (Fairchild and Holomuzki 2005:  
0.3-1 sculpins m-2, Huhta et al. 2000: 0.5-0.8 alpine bullheads m-2). The buffer reach 
upstream of the experimental fish reach (200 m long) was stocked with a similar 
biomass of the same fish species as the experimental reach to guarantee a sufficiently 
high fish kairomone concentration in the fish reach. Another reason to insert a buffer 
reach consisted in preventing invertebrates from drifting from the reference reach 
directly into the experimental reach. As drift distances are known to be relatively short 
(Elliott 2002), we assume that this distance was sufficient to prevent direct drift. 
Upstream of the buffer reach, a 400-m-long reference reach was installed which was 
kept almost completely fishless by electrofishing (Table 4-2). The whole remaining 
part upstream of the reference reach that was suitable for fish (about 0.5 km) was fished 
to ensure that the reference reach did not receive fish infochemicals (kairomones). To 
minimize confounding effects of the electrofishing procedure on invertebrate 
abundances, all experimental reaches, including the reach containing fish, were fished 
at the same intervals (twice in 2003, four times every following year). Stunned fish 
were removed from the reference reach but not from the fish reach. The experimental 
and buffer reach were restocked in spring and autumn in every year to compensate for 
experimental fish losses such as gut content analyses, winter mortality, migration and 
bird predation. 
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Table 4-2 Fish density (individuals m-2) and biomass (g wet weight m-2) in the fish 
reach and the reference reach of Gauernitzbach as mean standing stock in the 
infochemical (1) and direct predation experiment (2) during the larval development 
period of R. semicolorata (from September through August, in 2003 from March 
through August), ±1 SE, a) single value. 
Exp. Year Gudgeon Stone loach Fish reach Reference reach
 Fish density     
2003 0.30 ± 0.15 -- 0.30 0.004 a) (1) 
2003-2004 0.51 ± 0.09 -- 0.51 0.002 ± 0.001 
2004-2005 0.37 ± 0.06 0.14 ± 0.02 0.51 0.001 ± 0.001 (2) 
2005-2006 0.12 ± 0.03 0.19 ± 0.06 0.31 0.009 ± 0.006 
 Fish biomass     
2003 4.45 ± 1.76 -- 4.45 0.083 a) (1) 
2003-2004  3.82 ± 1.02 -- 3.82 0.32 ± 0.18 
2004-2005 3.44 ± 0.64 1.20 ± 0.17 4.64 0.009 ± 0.009 (2) 
2005-2006 1.37 ± 0.33 0.93 ± 0.20 2.18 0.13 ± 0.09 
 
Field sampling and laboratory analyses 
Each of the two reaches contained three floating emergence traps (type “week”, LeSage 
and Harrison 1979) which caught all individuals emerging from a defined area 
(0.16 m²). Animals were fixed in the trap chamber with a mixture of 2/3 ethanol (80%) 
and 1/3 ethylene glycol. A dash of detergent degraded the surface tension to prevent 
that the insects were caught on the wall of the bottle. All traps were sampled weekly 
from April to September and samples were transferred to 80% ethanol. 
In the laboratory all adults of Rhithrogena semicolorata (mostly subimagoes) were 
counted. The body length, sex and the number of eggs of females were determined. The 
eggs were removed from the abdomen and separated of each other by short ultrasonic 
pulses (UW 70, Badelin electronic, Berlin). The homogenous egg suspension was 
filtered (cellulose acetate, 0.45 µm) and the eggs were made more visible by staining 
the filter with a drop of ink. All eggs of at least three out of eight parts of the filter were 
counted under a dissecting microscope. The total egg number of the mayfly population 
produced per m2 and year was calculated as the product of the average individual egg 
number and the abundance of adult females emerging annually from an area of 1 m². 
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Three benthic samples were taken with a Surber sampler (0.12 m², 500 μm mesh size) 
every four weeks throughout the study period in randomly chosen riffles and since 
November 2004 additionally in randomly chosen pools to determine the larval body 
length, density and biomass of R. semicolorata larvae. 
Calculation of lethal predation effects 
The strength of lethal effects of fish predation on larvae and adults of R. semicolorata 
was shown by the predation impact index (PI) following Rosenfeld (2000) calculated as 
the natural logarithm of the ratio of prey density in the reference reach to those in the 
fish reach (PI = ln (NRef/NFish)). Positive values indicate an impact of the predator on 
the prey density. 
A very meaningful measure of the predation impact on mayfly larvae, the relation 
between secondary production of the prey and its consumption by the predator was also 
calculated. This was exemplarily analyzed for one April in every experiment when also 
fish gut analyses were present. Secondary production of R. semicolorata (mg dry 
mass m-2 month-1) was estimated in both experiments using a model approach to 
determine temperature and size specific growth rate (Morin and Dumont 1994) monthly 
in April 2004 and 2005. The monthly consumption of R. semicolorata by gudgeon and 
stone loach (mg dry mass m-2 month-1) was estimated from April gut analyses, the daily 
food ratio and the fish biomass (for details see Winkelmann et al. 2007a). A biomass 
specific consumption (mg dry mass g-1 fish) was also calculated as the ratio of fish 
consumption to fish biomass for comparison the two fishes between the study years. 
Because only riffles were sampled in 2004, secondary production of April was divided 
by two for comparison with the consumption by fish since R. semicolorata almost 
exclusively colonized riffle habitats (mean biomass pool/riffle ±1 SE: 0.14 ± 0.06, 
n = 16). Riffles were estimated to constitute approximately half of the total stream area. 
Statistical analysis 
To test the effects of predation and study year in the experiments on the body length of 
larvae and adults, time of emergence and the egg number, a model selection technique 
was applied (Johnson and Omland 2004, Hobbs and Hilborn 2006). Starting with the 
full linear model containing all factors (f1: fish, f2: study year) and possible interactions 
in dependence of a variable (y) according to the experimental design (y ~ f1 * f2) we 
derived simplified models omitting one or two of the factors or the interaction between 
them. The alternative models were compared using F-tests which were performed 
between consecutive models, testing if the more complicated of both models was 
significantly better compared to the simpler one (Table 4-4). With this model selection 
technique we were able to identify the best linear model from the candidate model set 
which explained the data reasonably well. 
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When appropriate, data were transformed to achieve normal distribution and 
homogeneity of variances (emergence time in 2003/2004: x-6; emergence time in 
2005/2006: x-1). 
4.2.4 Results 
Ratio of prey production consumed by predators  
Focussing on April, the last month before the emergence when the larvae were biggest 
and biomass was highest, showed that gudgeon consumed a much smaller part of the 
monthly prey production than stone loach (Table 4-3). Relative to the monthly fish 
biomass (April 2004: 6.36 gudgeon m-2; April 2005: 0.36 gudgeon m-2, 0.25 stone 
loach m-2) the biomass specific consumption for stone loach was much higher than for 
gudgeon. Consequently, there was no strong predation pressure of gudgeon on R. 
semicolorata in April. In contrast, R. semicolorata larvae were an important food 
source for stone loach. Thus, there was a high mortality of R. semicolorata larvae in the 
last weeks before emergence in 2005 caused to a large extent by stone loach. 
Table 4-3: Secondary production of R. semicolorata (mg dry mass m-2 month-1), the 
consumption (mg dry mass m-2 month-1) of the two benthivorous fishes and its ratio to 
mayfly production as well as the biomass specific consumption (mg dry mass g-1 fish) 
indicating the consumption per fish biomass. The comparison is shown for the month 
(April) shortly before emergence in the infochemical experiment (2004) and direct 
predation experiment (2005). 
 
Mayfly 
production 
Gudgeon consumption Stone loach consumption 
April mg m-2 mo-1 mg m-2 mo-1 % mg g-1 fish mg m-2 mo-1 % mg g-1 fish
2004 946.3 38.3 4.0 6.0 -- -- -- 
2005 140.6 1.3 0.9 3.6 16.1 11.5 64.4 
 
Infochemical experiment with gudgeon (Gobio gobio) 
Larval somatic growth and time of emergence of R. semicolorata were not affected 
when exposed to gudgeon. The simplified model without the factor fish was not 
significantly different from the unconstrained model. Therefore, the factor fish was not 
necessary to explain the variance in the larval body length before the beginning of 
emergence (fish 6.4 ± 2.1 mm, n = 376; reference 6.3 ± 2.1 mm, n = 182; mean ± SD, 
study years pooled, Fig. 4-7 a, Table 4-4). Additionally, the emergence time was not 
different between the reaches (Fig. 4-8, Table 4-4). Mayfly adults were of similar size 
(2003: fish 9.9 ± 0.9 mm, n = 24, reference 10.0 ± 1.1 mm, n = 15; 2004: fish 
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8.7 ± 0.6 mm, n = 36, reference 8.3 ± 0.8 mm, n = 32; mean ± SD, sexes pooled) and 
females contained similar numbers of eggs in the fish and reference reach (2003: fish 
2406 ± 842 eggs, n = 14, reference 2315 ± 1433 eggs, n = 5; 2004:  
fish 1561 ± 529 eggs, n = 16, reference 1071 ± 471 eggs, n = 14; mean ± SD). Thus, the 
factor fish was not important for explaining the data of adult size and egg number 
(Table 4-4). However, the factor study year is more important for explaining the data 
indicating a strong interannual variability of emergence time, adult body length and the 
number of eggs (Table 4-4). 
 
Figure 4-7: Box plots (median, quartiles, 90th and 10th percentiles) of larval body 
length of R. semicolorata in April in the reference (open bars) and the fish reach (grey 
bars) of the infochemical experiment (2003 and 2004 pooled), left and in the reference 
(open bars) and the fish reach (grey hatched bars) of the direct predation experiment 
(2005 and 2006 pooled), right. 
 
 
Figure 4-8: Mean emergence abundances (individuals per m² and week) of R. 
semicolorata (+1 SE, n = 3) in the reference (grey lines) and fish reach (black lines) of 
the infochemical experiment (2003 and 2004). 
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Table 4-4 Results of the model selection using F-tests in the infochemical and direct 
predation experiment. The dependent variable (y = larval or adult body length, time of 
emergence or number of eggs) was modelled as a function of two factors (f1 = fish: 
presence or absence; f2 = study year: 2003 or 2004 in the infochemical experiment and 
2005 or 2006 in the direct predation experiment). The unconstrained model (y ~ f1 * f2) 
was simplified by stepwise eliminating the factors f1, f2 or the interaction and pairwise 
comparing the more complex model with the simpler one. Significant differences due 
to the elimination of the respective factor indicate that this factor is necessary to 
explain the variation in the dependent variable. 
  Infochemical experiment Direct predation 
experiment 
Dependent y Eliminated F p F p 
f1: Fish 0.39 0.535 13.41 <0.001 
f2: Year 1.76 0.185 0.38 0.541 
Larval body 
length 
Interaction 1.65 0.200 0.40 0.529 
f1: Fish 0.76 0.387 8.00 0.007 
f2: Year 4.04 0.047 0.27 0.608 
Emergence 
time 
Interaction 0.08 0.773 0.005 0.945 
f1: Fish 1.82 0.180 1.85 0.179 
f2: Year 74.05 <0.001 109.24 <0.001 
Adult body 
length 
Interaction 2.63 0.107 6.66 0.013 
f1: Fish 2.78 0.102 0.16 0.696 
f2: Year 20.33 <0.001 58.02 <0.001 
Number of 
eggs 
Interaction 0.75 0.393 2.15 0.154 
 
The larval densities in the fish reach were distinctly higher than in the reference reach 
(2003: fish 128 ± 27 individuals m-2, reference 37 ± 17 individuals m-2; 2004: fish 
1311 ± 138 individuals m-2, reference 623 ± 65 individuals m-2; mean ±1 SE, n=3). 
Therefore, predation impact index (PI) on larvae was negative (Fig. 4-9a). The amount 
of emerged adults was also higher in the fish reach (2003: fish 50 ± 20  
individuals m-2 y-1, reference 29 ± 13 individuals m-2 y-1; 2004: fish 75 ± 34 
individuals m-2 y-1, reference 67 ± 29 individuals m-2 y-1; mean ±1 SE, n=3), because of 
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this latter findings PI was not or only weakly positive for adults (Fig. 4-9 a). 
Combining these results on the population level, a distinctly greater amount of eggs 
produced annually per m2 in the fish reach was stated than compared to the reference 
reach (fish 55,000 – 75,000 eggs m-² y-1; reference 25,000 – 30,000 eggs m-² y-1, Figure 
3b). 
 
Figure 4-9: (a) Predation impact index (PI= ln(NRef/NFish) after Rosenfeld (2000) 
calculated from larval and adult densities, respectively and (b) average fitness of the R. 
semicolorata population measured as the total egg number per m² and year in the 
fishless reference (open bars) and the fish reach (grey bars) of the infochemical 
experiment (2003 and 2004). 
 
Direct predation experiment with stone loach (Barbatula barbatula) in addition to 
gudgeon (Gobio gobio) 
The additional presence of stone loach led to a slower growth and longer development 
time of R. semicolorata larvae. The factor fish caused a significantly better fit of the 
model to our data (larval body length and time of emergence) than the simpler model 
(Table 4-4). In the presence of the two fishes, R. semicolorata larvae were smaller than 
in the reference reach at the last sampling date before the beginning of emergence (fish 
7.1 ± 2.0 mm, n = 95; reference 8.2 ± 2.1 mm, n = 106; means ± SD, study years 
pooled, Fig. 4-7b). Additionally, the beginning of the emergence period was delayed by 
two to three weeks in the fish reach compared to the reference reach (Fig. 4-10). 
However, with respect to adult body length the factor fish in the model was not 
necessary (2005: fish 8.5 ± 0.7 mm, n = 15, reference 8.0 ± 0.4 mm, n = 18; 2006: fish 
9.9 ± 0.9 mm, n = 7, reference 10.2 ± 0.6 mm, n = 13; mean ± SD, sexes pooled; Table 
4-4). The egg number per female showed no better fit to the model containing the 
factor fish than to the model without fish (2005: fish 1663 ± 908 eggs, n = 7, reference 
1445 ± 365 eggs, n = 10; 2006: fish 3068 ± 676 eggs, n = 6, reference 3539 ± 625 eggs, 
n = 8; mean ± SD; Table 4-4). In contrast, the factor study year, was important for the 
model fit indicating interannual variation of adult body length and individual egg 
number (Table 4-4). 
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Figure 4-10: Mean emergence abundances (individuals per m² and week) of. R. 
semicolorata (+1 SE, n = 3) in the reference (grey lines) and the fish reach (black lines) 
of the direct predation experiment (2005 and 2006). 
 
The density of R. semicolorata larvae was similar in both reaches in 2005 (fish 
316 ± 207 individuals m-2; reference 316 ± 55 individuals m-2; mean ±1 SE, n=3) and 
seemingly higher in the fish reach in 2006 compared to the reference (fish 111 ± 31 
individuals m-2; reference 80 ± 30 individuals m-2; mean ±1 SE, n=3). Thus, no direct 
predation impact on larvae could be recorded (Fig. 4-11a). However, the amount of 
emerged adults were distinctly reduced in the fish reach (2005: fish 21 ± 21 
individuals m-2 y-1, reference 29 ± 18 individuals m-2 y-1; 2006: fish 15 ± 12 
individuals m-2 y-1, reference 25 ± 7 individuals m-2 y-1; mean ±1 SE, n=3) and therefore 
a strong positive predation impact index was calculated (Fig. 4-11a). The combination 
of unchanged fecundity and reduced adult density resulted in a lower total egg number 
(fish ~25,000 eggs m-² y-1, reference 30,000 – 35,000 eggs m-² y-1, Fig. 4-11b) and 
consequently a lower average fitness of the R. semicolorata population in the presence 
of an efficient predator (stone loach). 
 
Figure 4-11: (a) Predation impact index (PI= ln(NRef/NFish) after Rosenfeld (2000) 
calculated from larval and adult densities, respectively and (b) average fitness of the R. 
semicolorata population measured as the total egg number per m² and year in the 
fishless reference (open bars) and the fish reach (grey hatched bars) of the direct 
predation experiment (2005 and 2006). 
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4.2.5 Discussion 
Dramatic consequences of direct predation mortality on survival and reproduction of 
the mayfly population were observed in our field experiment. Contrary to the 
assumption resulting from demographic models (McPeek and Peckarsky 1998), the R. 
semicolorata population in the experimental stream was more affected by mortality 
losses caused by predation of benthivorous stone loach than by sublethal predation 
effects. The density of emerged R. semicolorata adults decreased drastically during the 
second experiment when an efficient predator was present. Consequently, the 
reproduction capability of the population was reduced, mainly due to lethal predation 
effects on large larvae or moulting individuals. This assumption is supported by the 
positive predation impact index for imagoes and the high stone loach consumption of 
mayfly larvae shortly before emergence in the direct predation experiment with two 
benthivorous fishes. It is also a fact that in the infochemical experiment with only 
gudgeon the mayfly density and consequently the average fitness of the population was 
higher than in the fishless reference reach. We suggest that the fish reach downstream 
might be more productive than the reference reach. The reasons for the different 
productivities of this mayfly in the different sections of the experimental stream are 
unknown up to the moment and can neither be anticipated nor avoided in a reach-scale 
field experiment. However, the higher natural productivity in the fish reach implies a 
more stringent test of our hypothesis: the benthivorous fish were not only able to equal 
the higher productivity in the fish reach as compared to the reference reach. The fish 
predation pressure was even sufficient to reduce the average population fitness of R. 
semicolorata by about 50 – 70% from the first to the second experiment finally 
resulting in a lower level than in the reference reach. 
Our field experiment was directed at the differentiation between infochemical-mediated 
effects and direct (lethal or sublethal) predator effects. As expected, gudgeon alone did 
not cause lethal predation effects on R. semicolorata density because its consumption in 
April was relatively minor because of a low encounter rate due to a low habitat overlap 
(Winkelmann et al. 2007a). Thus, we assume that mayfly larvae are generally exposed 
to gudgeon kairomones but not to a high predation pressure in the last weeks before 
emergence. Contrary to gudgeon, stone loach fed especially on large larvae in April and 
thereby reduced the adults of R. semicolorata. This was obviously caused by stone 
loach preference for fast flowing sections (Mastrorillo et al. 1996, Watkins et al. 1997, 
Erös et al. 2003, own observations) and the resulting high encounter rate with R. 
semicolorata larvae. We conclude that only consumptive mortality caused by 
benthivorous fish in the direct predation experiment reduced the size of the prey 
population drastically, while a corresponding infochemical-mediated effect in the first 
experiment could not be detected. 
Infochemical effects on the life history patterns of mayfly larvae due to exposure to 
gudgeon could also not be recorded while responses in larval growth and development 
in the direct predation experiment were found. Thus, we assume that direct effects 
 66
exerted by benthivorous fish, not infochemicals, induced life history changes of R. 
semicolorata. For mayfly larvae sublethal effects such as changes of life history or 
activity patterns have been shown in the past to be induced by fish infochemicals in 
field and laboratory experiments (McIntosh and Peckarsky 1996, Peckarsky et al. 2002, 
McIntosh and Peckarsky 2004). However, in contrast to our study, in the cited 
investigations drift-feeding trout and Baetis sp. were examined. Such a drift-mediated 
predator-prey pair can hardly be compared with a predator-prey pair consisting of a 
benthivorous fish and a rarely drifting grazer. In contrast to Baetis sp., R. semicolorata 
larvae show very low drift densities (R. semicolorata: 1 individual L-1, n = 6, Baetis 
rhodani: 14 individuals L-1, n = 9, fish reach, April 2003, Winkelmann et al. 2007b, C. 
Winkelmann, Dresden University of Technology, Institute of Hydrobiology, 
unpublished data). Thus, fish-induced changes in activity of R. semicolorata will 
probably result in more frequent hiding under stones rather than enhanced drift activity. 
This behavior will cause reduced time spent for foraging and extended larval 
development. The comparison of our two experiments reveals that such an activity 
reduction seems to be controlled by direct encounter with a fish foraging in the benthos 
like stone loach. It was not induced by infochemicals of gudgeon alone. This parallels 
to other studies showing the importance of hydrodynamic and mechanical cues for 
activity changes in mayflies (Culp et al. 1991, Tikkanen et al. 1994, Rosenfeld 1997, 
Huhta et al. 2000). The effects of direct predation and fish kairomones could not be 
distinguished in our second field experiment. Thus, we cannot evaluate the impact of 
stone loach chemicals on mayfly behavior. However, it has not been described so far 
that prey would be able to differentiate between infochemicals released by different 
insect-feeding fish species (Miyasaka and Nakano 2001, McIntosh and Peckarsky 
2004). Nevertheless, further laboratory experiments should reveal whether or not R. 
semicolorata larvae respond similarly to kairomones of the two fishes. 
In addition to investigating the relative importance of direct predation and infochemical 
effects in this study sublethal predation effects, such as larval growth, development 
time until the emergence and individual size and fecundity were compared with lethal 
predation effects. In general, merolimnic insects with a flexible life history seem to 
follow two different strategies of predator avoidance to optimize their reproduction and 
chance of survival. The first strategy is to accelerate larval development to escape the 
predation risk by earlier emergence (Peckarsky and McIntosh 1998, Peckarsky et al. 
2001, Peckarsky et al. 2002). This strategy may cause smaller size at metamorphosis 
(Peckarsky and McIntosh 1998, Peckarsky et al. 2001, Peckarsky et al. 2002) which 
consequently leads to lower female fecundity (Wickman and Karlsson 1989, Honek 
1993, Bonduriansky and Brooks 1999), shorter adult life span (Taylor et al. 1998, 
Sokolovska et al. 2000) or even a lower mating success of males (Flecker et al. 1988, 
Sokolovska et al. 2000). The benefit of this strategy seems to be a reduced time spent in 
the risky habitat and therefore less mortality by the faster larval development 
(Peckarsky et al. 2002).The second strategy is to delay metamorphosis to reach optimal 
size in spite of slower larval growth (Scrimgeour and Culp 1994, Tseng 2003). R. 
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semicolorata larvae seemed to follow the second strategy and needed a longer time for 
larval development in presence of an efficient predator. This almost certainly enabled 
them to achieve the optimal size and fecundity. Thus, a loss of individual fecundity was 
avoided. Similar compensations of sublethal predation effects on the individual level 
have been shown once before in a mesocosm experiment. The mayfly larvae of 
Ephemerella subvaria were also able to compensate the lower growth rate by a longer 
development time (Tseng 2003). However, the consumptive mortality caused by the 
predator and facilitated by the longer time spent in the risky habitat could not be 
outweighed in this experiment. The life history changes recorded in this field study 
might be caused by behavioral changes such as reduced time spent for foraging. In that 
case, predator-induced behavioral changes would simply reduce energy uptake. It has 
been described that in the presence of a predator prey organisms decrease foraging 
activity because they hide under stones (Soluk and Collins 1988, Kohler and McPeek 
1989, McIntosh and Townsend 1994, McIntosh and Peckarsky 1999, Muotka et al. 
1999). Consequently, larval growth rates would be reduced and time to achieve 
maturity would increase due to energy limitation resulting in a lower fecundity and 
adult size (Peckarsky et al. 1993, Scrimgeour and Culp 1994). In the presence of 
benthivorous fish in our field experiment, however, larvae compensated the slower 
growth rate by a longer time of development. Thus, cumulatively, larvae were able to 
ingest enough food to ensure high individual fecundity even if they would have reduced 
time spent for foraging on the stone surfaces. Contradictory to the studies mentioned 
above, possible activity changes did ultimately not result in a reduced individual adult 
fecundity of R. semicolorata. Life history changes occurring in the presence of fish 
during our experiment lead us to the suggestion that a longer larval development time 
makes sense to compensate the reduced growth rate and reach higher energy reserves 
necessary for the individual reproduction success (Briegel 1990, Sartori et al. 1992, Hill 
et al. 1992). Thus, we have to differentiate between the individual and the population 
level. The individual advantage of a longer development time (size gain) represents a 
clear disadvantage for the population (mortality). While sublethal effects of fish 
predation were compensated by flexible life cycle strategies, mortality caused a reduced 
adult density and consequently a reduced average population fitness. 
We conclude that consumptive mortality caused by benthivorous fish predation 
influenced a Rhithrogena semicolorata population by far stronger than both direct 
sublethal predation effects and infochemical effects. 
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5 General Discussion 
This thesis presents selected results of a large scale experiment concerning the top 
down control of stream ecosystems. The aim of this study was twofold. The first and 
more basic question was to analyse the net effects of predation by benthivorous fish on 
the macroinvertebrate community in a natural stream ecosystem and to discriminate 
between lethal and sublethal effects of predation. The second and more applied issue 
was to assess the relevance of predation in small mountain streams to control the 
structure of the food webs. Only if it can be shown that increasing or downscaling 
predation on purpose may alter structure or functioning of the stream food web, can 
biomanipulation be regarded as a promising tool for eutrophication control.  
In the past eutrophication has been regarded as a serious problem in lakes and 
reservoirs. Only lately the emphasis was put on its importance in streams. Outbursts of 
benthic algae are described to clog the hyporheic interstitial and separate the benthic 
and interstitial subsystems (Ibisch 2004, Brunke and Gonser 1997). This may lead to 
decreases on heterotrophic activity in the interstitial (self purification) because of 
oxygen limitations. Additionally, the hyporheic interstitial cannot be used as refuge 
habitat for invertebrates and spawning habitat for stream fish anymore. To prevent 
these negative consequences of eutrophication a reduction of the external nutrient loads 
is preferable. On the other hand these diffuse imports originate from agricultural use 
and are therefore difficult to reduce. Thus, besides reduction of external loads 
transferring the idea of biomanipulation to streams seems a promising approach. Doing 
so would imply boosting key stone grazers by reduction of their fish predators in order 
to reduce biofilm biomass and therefore reduce eutrophication effects. Mayfly larvae 
such as Baetidae or Heptageniidae are important grazers and most likely are key stone 
species for the primary production based food chain in streams. Total grazing activity 
in an ecosystem is determined by the density of invertebrate grazers and by the 
individual grazing activity. Therefore, an effective control of grazing involves 
structural components (density, species composition, individual body size) as well as 
functional components (individual grazing activity). Both components can be affected 
by predation (Diehl et al. 2000, Fairchild and Holomuzki 2005). Thus, to analyse 
transferability of the idea of biomanipulation to streams special emphasis is put on the 
effects of predation on large benthic grazers. 
The complex interactions controlling an ecosystem cannot be rebuilt in a mesocosm 
model system in my opinion. Thus, for the study presented here a reach scale field 
experiment running over four years was set up. Although a paired BACI Design 
(Stewart-Oaten et al. 1986, Carpenter et al. 1989) was expected to result in more 
reliable data a simple comparison between two stretches within one single stream was 
done here. This was due to constraints in time and work affordable especially to control 
fish biomasses and sample the invertebrate community. 
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In the beginning gudgeon (Gobio gobio) was stocked in the experimental stream. This 
is one of the most common benthivorous fish species in the streams of central Europe, 
it is easy to obtain for stocking and it is not protected. However, first results concerning 
the food selection of gudgeon showed a strong preference of pool habitats (unpublished 
data, S. Worischka, TU Dresden). Therefore, an effective control of the whole stream 
food web (pool and riffle habitats) seemed questionable. Thus, we decided to stock 
additionally stone loach (Barbatula barbatula) in the last two years of this study. The 
disadvantage of not having the full four years with the same predator is thus at least 
partly compensated by the possibility to compare the effects of two types of predation 
regime on the invertebrate community. 
The stocked nearly natural densities of benthivorous fish affected the benthic 
invertebrate community. A significant difference of the community composition 
between the stretches with and without fish could be shown for both predation regimes 
during this experiment (“gudgeon alone” p < 0.001, n = 139, gudgeon and “stone 
loach” p < 0.001, n = 151). For that purpose a stratified permutation test (Anderson 
2001) implemented in the R package vegan (Dixon 2003, function “adonis”) was used. 
This is a nonparametric, multivariate approach of variance analysis - similar to the 
ANOVA used for univariate data sets. However, significant differences between both 
experimental stretches are not necessarily caused by the experimentally manipulated 
predation regime. The stretches might have differed already at the start of the 
experiment. This uncertainty is the consequence of the unreplicated experimental 
design used here. This design had been chosen though to allow for a relatively large 
spatial and temporal scale investigation. Nevertheless, other results support the 
assumption that the differences in community structure are caused by predation. The 
Bray Curtis similarity between the benthic communities of the two stretches declined 
significantly even if moderately during the sampling period (Spearman rank correlation 
test r2 = 0.17, p = 0.0012, n = 48, Fig. 5-1). If there had been initial strong differences 
between the stretches a relatively low, but definitely not decreasing similarity would 
have been expected. In addition, the reduction of single species (such as Gammarus 
pulex) and low effects on others (such as Rhithrogena semicolorata) parallels to the 
fish consumption of these species (see Chapter 4.1). In contrast to the predation effects 
on the structure of the invertebrate community the effects on ecological functioning 
differed between the two predator regimes. Focussing on trophic interactions the 
biomass distribution among the ecological feeding guilds can be regarded as a measure 
of the ecological functions of the invertebrate community. While no significant 
differences of the biomass distribution of the feeding guilds was observed for the 
predator regime “gudgeon and stone loach” (adonis, p = 0.58, n = 151, Fig. 5-2) 
significant differences were found for the regime “gudgeon alone” (adonis, p = 0.003, 
n = 139, Fig. 5-2). This might have been caused by the preferential feeding of gudgeon 
on Gammarus pulex, which was the most important shredder in the studied stream. In 
contrast, the influence of stone loach might have resulted in a similar predation 
pressure on all feeding types. This assumption arose from the observation that 
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predation of benthivorous fish does not depend on the feeding type of the prey 
organisms but much more on the encounter probability in the habitat (see Chapter 4.1).  
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Figure 5-1: Similarity of the macroinvertebrate community in the fish and reference 
stretch on every sampling occasion (biomass, square root transformed) and the linear 
regression y = -0.17x+71.4 (r2=0.17, n=48, p=0.0012, Spearman rank correlation test). 
 
However, a reduction of total invertebrate biomass was not observed here. The 
predation impact (PI) was calculated following Rosenfeld (2000). The PI value of –
0.018 ± 0.06 (mean over the study period ± standard error, n = 48) indicated that total 
invertebrate biomass was not reduced. In addition, neither the number of taxa nor the 
Shannon-diversity differed between the stretches (t Test, taxa: p = 0.803, diversity: 
p = 0.997, n = 48). If the benthivorous fish had reduced the total invertebrate biomass 
the PI value should have been clearly positive. 
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Figure 5-2: Biomass proportions of the ecological feeding guilds in the riffles (n = 3) 
of the fish and the reference stretch over the experimental time. The line indicates the 
change of predation regime. In the first phase only gudgeon was stocked whereas in the 
second phase gudgeon and stone loach were combined. 
 
There could be several reasons why benthivorous fish did not change total invertebrate 
biomass: 
1) Invertebrate predators such as Isoperla grammatica, Rhyacophila fasciata or 
Dugesia gonocephala in the fish-less reference stretch might have taken over the role 
of benthivorous fish in the experimental stretch, whereas in the fish stretch they are 
expected to be reduced by fish consumption. Thus, the total predation pressure on 
smaller invertebrates would be the same in both stretches. Indeed, invertebrate 
predators have been shown to control lower trophic levels, leading to an almost 
complete compensation of the reduced fish biomass in biomanipulation experiments in 
standing waters (Benndorf et al. 2000). Parallel to these results, Hermann (2006) 
showed that stream invertebrate predators are in fact able to consume a considerable 
proportion of the benthic secondary production. However, biomass of invertebrate 
predators in the reference stretch did not differ (pairwise t Test, p = 0.44, n = 48). This 
is illustrated by the similar run of the duration curve of invertebrate predator biomass 
(Fig 5-3). Thus, a compensation of fish effects due to higher biomass of invertebrate 
predators in the reference stretch does not seem likely. 
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Figure 5-3: Duration curve of the invertebrate predator biomass in the riffles of the fish 
and reference stretch of Gauernitzbach (n = 3 per date). Biomass values are sorted 
according to their size. Therefore, the abscissa shows the probability that a certain 
value is undercut.  
 
2) The fish species used in this experiment might not be effective as predators and are 
therefore inappropriate for food web manipulation in streams. For gudgeon this seems 
to be at least partly true. First results of food selection revealed that gudgeon seems to 
prefer pool habitats and feeds mainly on chironomids. Thus, an effective control of the 
whole invertebrate community appeared unlikely. Furthermore, a size selective 
reduction of the total benthic density which would have indicated size selective feeding 
did not occur. The distribution of individual body mass did not change systematically 
between the fish and reference stretch (Fig 5-4 a). On the other hand, gudgeon 
seemingly changed the species composition of invertebrate community. The relatively 
large effect on the community composition might have been caused by the preferential 
consumption of the amphipod Gammarus pulex. Thus, inspite of its the predation 
pressure on the whole invertebrate community having been relatively low, gudgeon 
induced changes in community structure.  
Contrary to these findings, stone loach seems to be a more effective predator or the 
combination of two predator species was more effective. In the years with gudgeon and 
stone loach the frequency distribution of individual biomass of the invertebrates 
differed systematically between the two stretches (Fig 5-4 b). This indicates a size 
selective predation pressure where very large (> 100 mg dry mass) and very small (< 
1 mg dry mass) organisms seem to suffer the lowest risk. Nevertheless, the question 
remains, why no changes in total biomass or abundance were found between the 
stretches. The selectivity pattern found by comparison of the biomass distribution 
might explain these seemingly weak predation effects. Neither biomass nor abundance 
were significantly changed because only medium sized prey items (1-100 mg dry mass) 
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were reduced. While total invertebrate biomass was dominated by the large organisms 
(dipterans such as Tipula, caddis flies such as Limnephilidae and large oligochaetes 
such as Eiseniella tetraedra) total invertebrate abundances were dominated by the very 
small animals (mainly chironomids, ostracods and neonata).  
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Figure 5-4: Deviation (%) of the mass frequency distribution of all invertebrates in the 
fish stretch from the invertebrates of the reference stretch caught during the monthly 
benthic sampling. The upper plot shows the situation during 2003/2004 when only 
gudgeon was stocked (n per size classes from 1 to >100 mg dry mass: 12252, 12111, 
606, 221, 105, 60, 46, 24, 29, 10, 8, 75). The lower plot shows the situation in 
2005/2006 when gudgeon and stone loach were stocked (n per size classes from 1 to 
>100 mg dry mass: 24252, 17095, 1009, 447, 290, 182, 138, 105, 68, 51, 179). 
Negative values indicate a lower frequency of this mass class in the fish stretch. The 
values on the x-axis indicate the upper boundaries of the respective classes. The class 
>100 sums up all individuals larger than 100 mg dry weight. 
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3) Another possible explanation is the high prey migration rate which might increase 
the invertebrate density in the fish stretch. On the other hand, prey emigration by drift 
is thought to be an important cause of the strong decrease of total benthic density in 
mesocosm experiments (Scrimgeour and Culp, 1994; Fairchild and Holomuzki, 2005). 
However, in the case studied here, drift activity was reduced by benthivorous fish 
rather than enhanced. Therefore, a compensation of predation effects by prey 
immigration seems possible. A balance for the three drift sampling occasions in spring 
2003, 2005 and 2006 reveals a net gain of invertebrates in the fish stretch (Table 5-1). 
Thus, at most occasions more individuals immigrated into the fish stretch than 
emigrated at the same time. Prey migration therefore could have masked high 
consumptional losses of prey species. It is interesting, however, that the proportion of 
the individuals immigrating into the stretch to the total density differs clearly between 
various species: while almost 1 % of the standing stock of Baetis larvae of the fish 
stretch might have been added by immigration every day, the proportion is very low for 
Rhithrogena semicolorata (Table 5-1). For Gammarus pulex it is difficult to estimate 
net gain or loss in the fish section because, in contrast to insects, Gammarus pulex do 
not only drift but also move upstream (Williams and Williams 1993; Dedecker et al. 
2006).  
Table 5-1: Difference between the amounts of immigrated and emigrated individuals 
(net gain of the fish stretch within 24 hours) and the proportion of that gain to the total 
density of the respective species in the fish section. 
 Baetis sp. Gammarus pulex Rhithrogena semicolorata 
Date Net gain (% d-1) Net gain (% d-1) Net gain (% d-1) 
April 2003 1518 0.72 -93 -2.6 20 0.04 
May 2005 231 0.63 753 0.62 12 0.03 
May 2006 398 0.73 485 1.48 99 0.18 
 
It is not possible, however, to balance over the whole study period because drift activity 
shows a distinct seasonal variability (Schäffer, 2005) and the uncertainty of the 
estimation would be too high. However, it can be concluded that prey migration largely 
resulted in a net gain for the fish stretch and therefore may mask lethal predation effects 
especially in very mobile taxa such as Baetis sp. larvae. Nevertheless, the importance 
of the prey immigration might be overestimated here due to the sampling design. 
Samples were taken in the reference stretch and at the lower part of the fish stretch. The 
drift density in the reference stretch was assumed to represent the immigration rate into 
the fish stretch. It has not been measured, however, how the drift density changes 
within the buffer reach, which was established to reduce edge effects like this. Because 
fish stock was similar in the buffer and the reference reach it is possible that the largest 
part of immigration occurred in the buffer stretch and not in the fish stretch. Thus, the 
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immigration rates calculated from the drift sampling (Table 5-1) have to be regarded as 
maximum estimations.  
4) The strength of the trophic interaction seems to have been prey species specific. This 
was indicated by a comparison of the two most abundant heptageniid mayflies 
Rhithrogena semicolorata and Electrogena ujhelyii. Both species are living in fast 
flowing riffle sections and feed by scraping periphyton from stones. While no obvious 
reduction of R. semicolorata larvae occurred in the fish stretch, E. ujhelyii was 
dramatically reduced during the last two years of the experiment (Fig 5-5). This leads 
to the hypothesis that only those species will be reduced which lack effective predator 
avoidance strategies, such as e.g. adapted life cycle patterns. R. semicolorata has a 
strongly synchronized life cycle. Therefore, large larvae are only available to the 
predator during a very short time span. The individuals of E. ujhelyii do not grow in the 
same synchronic manner and large larvae are available almost during the whole year 
(Fig. 5-6). 
 
Figure 5-5: Duration curve showing the biomass (dry mass) of the grazing may flies R. 
semicolorata and E. unjhelyii in the riffles of the fish and reference stretch of 
Gauernitzbach. (monthly samples from November 2004 to October 2006, fish stretch 
stocked with gudgeon and stone loach). 
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Figure 5-6: Boxplots of the larval body length of. E. ujhelyii and R. semicolorata in the 
Gauernitzbach. Values are obtained from the monthly invertebrate sampling in the fish 
stretch stocked with gudgeon and stone loach from September 2005 to September 2006 
(median, box: 25/75th percentiles, whiskers: 10/90th percentiles). 
 
In spite of all the problems and uncertainties mentioned above it can be summarized 
that the benthivorous fish species gudgeon and stone loach induce structural changes of 
the invertebrate community. Besides lethal effects on their prey population 
benthivorous fish induce behavioural changes such as a reduction in drift activity or the 
delay of emergence. While predation does not reduce total invertebrate biomass, it does 
reduce the density of single species such as Gammarus pulex and Electrogena ujhelyii. 
At least the predation pressure of stone loach and gudgeon combined leads to a 
selective reduction of medium sized prey organisms. It can be concluded that this 
reach-scale experiment provided basic knowledge as to the possibility of food web 
manipulation in streams. Even though the strength of trophic interaction seems to be 
specific for every predator-prey pair, benthivorous fish in natural densities have the 
potential to change the structure of an invertebrate community on the ecosystem scale. 
Therefore, the approach of biomanipulation in streams by altering fish biomass or 
species composition looks promising and should be pursued further in future. The next 
step should be to analyse the effect of fish predation on the grazer biofilm interaction. 
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9 Summary 
It is a widely accepted assumption that fish predation controls structure and functioning 
of aquatic food webs. In the past, however, a large part of effort was concentrated on 
lakes and reservoirs. Thus, the knowledge about stream ecosystems is much more 
rudimentary than that for lakes in this respect. The aim of this thesis, therefore, was to 
describe and assess the effects of fish predation in natural stream ecosystems. For that 
purpose a reach scale field experiment was set up using an experimental stretch with 
benthivorous fish and a fishless reference stretch. A wide range of effects of the fish 
predators on their stream invertebrates prey was studied. 
To discriminate between lethal and sublethal predation effects, measuring the 
physiological status of the organisms seemed promising. However, before it was 
possible to decide whether or not environmental stress, such as predation, might affect 
the physiological status, the internal control as well as the seasonal and species-specific 
variability of the energy amount stored had to be assessed. Thus, the concentration and 
seasonal dynamics of the major energy storage components triglycerides and glycogen 
were measured in two species of mayflies (Rhithrogena semicolorata and Ephemera 
danica) with contrasting life cycle strategies. E. danica is a burrowing, semivoltine 
collector-gatherer, R. semicolorata is univoltine and scrapes periphyton from stones. 
Although triglycerides are the major energy reserve in both species throughout the 
whole larval development (> 84 % of total energy storage) their seasonal dynamic 
differed considerably. In R. semicolorata the triglyceride concentration declined during 
the last weeks prior to emergence in both sexes. The same pattern was found in female 
larvae of E. danica, but not in male E. danica. It is suggested that females use 
triglycerides in the last larval stages for egg maturation, which is completed in the last 
larval instar. In male E. danica the triglyceride concentrations remained high until 
emergence, presumably due to their high energy demands as adults for their swarming 
flights and mating. The difference in seasonal variation of triglycerides between E. 
danica and R. semicolorata shows the influence of environmental factors on the 
dynamics of storage components. E. danica lived in a very stable environment (within 
the substratum). Therefore the dynamic of energy storage components was optimised 
with respect to maximal reproduction. R. semicolorata on the other hand, suffered from 
hostile environmental factors such as predation or food limitation due to low 
periphyton biomass after leaf sprout and following light limitation in spring. 
Consequently, the concentration of storage components decreased during spring. One 
conclusion from this study was that the measurement of storage components might 
reveal sublethal predation effects. However, season and sex of the organisms are 
important factors as well and have to be considered in the sampling design. 
To analyse sublethal predation effects behavioural changes due to the presence of 
benthivorous fish were measured. Drift as a low-energy cost means of migration may 
enable stream invertebrates to leave risky habitats or may even be a direct escape 
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reaction after a predator encounter. While the control of drift activity by predators has 
received considerable interest from many researchers, it remains still unclear whether 
predators reduce or increase drift activity. Drift activity of stream invertebrates was 
influenced significantly by the presence or absence the two benthivorous fish species 
gudgeon (Gobio gobio) and stone loach (Barbatula barbatula). Contrary to previous 
studies gudgeon and stone loach reduced invertebrate drift density and drift activity of 
Baetis rhodani rather than inducing higher night-time drift. Further, species 
composition of the invertebrate drift differed significantly between the two stretches. A 
further conclusion from this study is therefore that drift is not generally a mechanism of 
active escape from benthos-feeding fish, as previously assumed. In addition, the 
reduced drift activity in the fish stretch might result in a compensation of the 
consumptional losses due to fish predation. Thus, in this study design the effects of fish 
predation on invertebrate community might be underestimated. 
To detect predation effects on the food web structure the reactions of the grazing 
mayfly Rhithrogena semicolorata and the shredding amphipod Gammarus pulex to 
strong predation by benthivorous fish were compared. It has been hypothesised that 
shredders are generally less vulnerable to fish predation and therefore less likely to be 
predation-controlled than grazers, because the latter are visible to the predators during 
their feeding on stone surfaces, while shredders may hide between leaves during 
foraging. Biomass of G. pulex was significantly reduced in the fish stretch while that of 
R. semicolorata was not. Since approximately 91 % of the annual production of G. 
pulex but only 12 % of R. semicolorata production was consumed by benthivorous 
gudgeon, the observed difference of G. pulex biomass between the fish and reference 
reach is likely due to a lethal predation effect. However, no sublethal predation effects 
such as reduced concentration of storage components (triglycerides, glycogen) or 
reduced reproductive success were observed for both species. Hence, in contrast to the 
initial hypothesis, in the studied stream the shredder was top-down-controlled, while 
the grazer was not. It is concluded that top-down control depends on the ecological 
characteristics of a specific predator-prey pair rather than on trophic guild of the prey. 
To assess the predation effects on the life history of merolimnic insects and its 
consequences on fecundity the larval development and emergence of R. semicolorata 
was studied. We were able to show lethal and sublethal effects of predation by 
benthivorous fish (Gobio gobio, Barbatula barbatula). Predation consequently resulted 
in changes of larval development and population fitness. The presence of two 
benthivorous fish species (gudgeon and stone loach) led to slower larval development 
and a delayed emergence. However, no differences in the adult size and fecundity 
between the fish reach and the reference were observed. Nevertheless, the longer time 
spent in the larval phase resulted in a higher mortality and therefore in a lower mean 
population fitness. The presence of gudgeon alone, however, did not seem to influence 
larval development, growth or time of emergence and consequently fecundity. Further, 
strong lethal impact of gudgeon could not be detected. Thus, the population fitness 
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measured as the product of adult density and egg number was not reduced by gudgeon 
alone. It is assumed that the stronger lethal impact in the combined fish experiment is 
caused mainly by stone loach because the proportion of mayfly consumption by stone 
loach to mayfly production shortly before emergence was higher than the proportion 
related to gudgeon. Thus another conclusion is that 1) the impact of predation seems to 
differ for the fish species and 2) lethal effects have a stronger impact on the population 
survival than life history changes. 
Combining the results mentioned above leads to the assumption that predation by 
benthivorous fish has the potential to shape invertebrate communities and food webs in 
streams. It was possible to show reductions of benthic densities and mean population 
fitness. The strength of trophic interactions seemed to be specific for the single 
predator-prey pairs here. Finally, it can be stated that contrary to previous assumptions 
consumption of the fish predators seemed to be more important for the prey populations 
than sublethal predation effects. 
